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ABSTRACT 


\ 


The  purpose  of  this  study  ‘s  the  determination  of  an  optimal  gimhal  actuator  for  large 
double  gimbal  control  moment  gyros  The  optimization  study  is  divided  into  ihr^e 
distinct  phases:  torque ra  and  tr*  emissions,  which  together  form  *he  actuators,  and 
controllers.  The  DC  torque  r  and  an  ep  Icy  die  transmission  are  selected  as  optima), 
on  the  basis  of  power,  wei^nt,  size,  reliability  and  performance.  Pulse  width 
modulation  of  a  type  designated  as  single  channel  is  established  as  the  optimal  con¬ 
troller. 

To  de*nonstr>te  the  application  of  the  optimal  actuator  configuration,  a  preliminary 
design  la*  out  was  completed  for  mounting  at  one  pivot  of  a  CMG  having  an  angular 
momentum  of  1000  foot-pound -seconds.  The  design  includes  all  necessary  structure 
and  a  tachometer  generator,  weighs  23  pounds,  consumes  less  than  45  watts  at  full 
torque  and  also  fulfills  °il  performance  requirements.  It  has  a  threshold  of  3%  and  a 
reliability  of  0.  9741  for  one  year  and  0.  9953  for  two  months  while  in  operation, 

ft  Is  recommended  that  a  brushless  DC  torquer  be  considered  in  the  future  for  control 
moment  gyro  gimbal  actuation,  when  it  is  better  established  as  state-of-the-art,  ft 
has  th*>  advantage  of  very  low  threshold  and  potentially  high  reliability. 
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Flow  coefficient 

Specific  heat  at  constant  pressure 
Current  power  amplifier 
Center  tap 

Output  shaft  diameter 
Pitch  diameter  of  gear 

Pitch  diameter  of  external  (ring)  gear  in  second-stage  mesh 
Motor  displacement 

Pitch  diameter  of  Internal  reaction  (output)  gear  in  second- 
stage  mesh 

Pitch  diameter  of  pinion 

Planet  gear  axle  diameter 

Planetary  ring  gear  pitch  diameter 

Planetary  sun  gear  pitch  diameter 

Radius  of  gyration 

Maximum  pulse  voltage  amplitude 

Integrated  motor  and  harmonic  drive  transmission 

Harmonic  drive  with  external  transmission 

xvi 


Dimension 

Inches 

In* 

inches 

>/#R/sec 

BTU/lb-*R 

inches 

inches 

Inches 

infyrev 

inches 

inches 

inches 

Inches 

inches 

inches 

volts 
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LfflT  or  ABBREVIATE!?®  AND  SYMBOLS  (continued) 


Symbol 

*c 

h 

g 

H 

b 

I 

*av 

Wx 

!mp 

Ip 

XL 

IM 

::IPFM  » 

Je 

JG 


Definition 

Motor  cutoff  frequency 

Motor  rleooue  torque  coefficient  at  motor  abaft 
Total  Tisoous  torque  coefficient  at  motor  shaft 
Gravitational  acceleration 
C.M.G.  sice 

Ratio  of  gear  diameter  to  gear  width 

Gimbal  moment  of  inertia 

Average  motor  current  under  duty  cycle 

Average  motor  current  required  for  maximum  desired 
torque 

Peak  motor  current 
Maximum  motor  current  available 
Load  current 
Motor  current 

Integral  pulse  frequency  modulation 
Equivalent  transmission  inertia  at  motor  shaft 
Inertia  of  a  mass  about  an  axis 


Jo 

Jm 

Jr 

Jt 


=  Load  Inertia 
=  Inertia  of  output  ring  gear 
*  Motor  inertia 
=•  Tachometer  moment  of  Inertia 
-=>  Total  inertia  at  motor  shaft 


Dimension 

cps 

ft-lb-sec 

ft-lb-sec 

ft/sec2 

ft-lb-sec 

ft-lb-sec2 

amperes 

amperes 

amperes 

amperes 

amperes 

amperes 

ft-lb-sec2 

ft-lb-sec2 

ft-lb-sec2 

ft-lb-sec2 

ft-lb-sec-2 

ft-lb-sec2 

ft-lb-sec2 
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LIST  OF  ABBREVIATIONS  AND  SYMBOLS  (continued) 


Symbol 


Definition 


h 

S 

H 

h 

I 

htv 

*max 

!mp 

Ip 

IL 


*  Motor  cutoff  frequency 

-  Motor  viscous  torque  coefficient  at  motor  shaft 
=»  Total  viscous  torque  coefficient  at  motor  shaft 

*  Gravitational  acceleration 

3  C.M.G.  t'ze 

21  Ratio  of  gear  diameter  to  gear  width 

=  Gimbal  moment  of  inertia 

=  Average  motor  current  under  duty  cycle 

-  Average  motor  current  required  for  maximum  desired 
torque 

-  Peak  motor  current 

-  Maximum  motor  current  available 

-  Load  current 


tM 

: :  IPFM 

JG 


JR 

Jr 


Motor  current 

Integral  pulse  frequency  modulation 
Equivalent  transmission  inertia  at  motor  shaft 
Inertia  of  a  mass  about  an  axi« 

Load  inertia 

Inertia  of  output  ring  gear 
Motor  inertia 

Tachometer  moment  of  inertia 
Total  inertia  at  motor  a  haft 


Dimension 

epe 

ft-lfc-e  c 
ft -lb-sec 
ft/sec2 
ft -lb -sec 


ft-ib-sec2 

amperes 

amperes 

amperes 
amperes 
amperes 
ampe  res 

ft -lb-sec2 

oho  2 

it -Hi-  see 
ft -lb -sec*' 
it  -  lb-sec** 
ft  -*b  -sec-’ 
ft  tb-sec" 
ft  -lb-set— 
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LIST  OF  ABBREVIATIONS  AND  SYMBOLS  (continued) 


Symbol 

Definition 

Dimension 

K 

= 

Hydraulic  system  dimensional  constant 

watt-sec/in-lb 

kA 

- 

Error  amplifier  gain 

volt/volt 

kb 

= 

Motor  back  -  emf  constant 

volt-sec/rad 

kg 

= 

Feedback  tachometer  gain 

volt-sec/rad 

% 

- 

Density  ratio  of  a  mesh 

KJ 

= 

Dimensional  constant 

lb-sec2/ft4 

Km 

= 

Motor  constant 

^tt -lb-sec 
x  10-2 

Kj 

a 

Motor  torque  constant 

ft-lb/amp 

kty 

= 

Motor  gain  constant  of  inner  glmbal  torque 

ft -lbs/amperes 

kVY1 

= 

Inner  glmbal  effective  back  emf  constant 

volts/rad/sec 

KvY2 

= 

Inner  glmbal  tachometer  constant 

volta/rad/sec 

Kl 

Simple  planetary  transmission  face --width  scaling  factor 

k2 

Simple  planetary  transmission  weigh*  s-alicg  factor 

* 

k3 

= 

Simple  planetary  transmission  weight  scaling  factor 

K-4 

= 

S*mple  planetary  transmission  volume  scaling  factor 

k 

= 

Stall  torque  input  constant 

ft-lb/volt 

L 

= 

Length 

inches 

La,  Ly 

= 

Motor  winding  inductance 

henries 

Km 

= 

Motor  inductance 

henry 

L 

= 

Length  of  line -of-act ion 

inches 

4 

= 

Carrier  flange  thickness 

inches 

- 

Input  Bhaft  length 

inches 
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LIST  OF  ABBREVIATIONS  AND  SYMBOLS  (coeiiaaed) 


^rrobol 

•*wn  wwmu nw»* 

Definition 

4 

-- 

Output  shaft  length 

*P 

= 

Planet  gear  axle  length 

m 

Msss 

mt 

=s 

Ratio  of  one  mesh 

M 

a 

Maximum  output  of  ON-OFF  controller 

m 

Instantaneous  torqu^  ^,otor  input  voltage 

mv 

- 

Millivolts 

ss 

lioad  torque-speed  curve  slope 

- 

Motor  torque -speed  curve  slope 

m 

= 

Ratio  of  one  mesh 

N 

= 

Number  of  teeth  in  contact 

ng 

= 

Number  of  teeth  in  gear 

NL 

= 

Load  speed 

nm 

- 

Motor  speed 

Np 

= 

Number  of  teeth  in  pinion 

n 

= 

Number  of  planet  gears 

pA 

= 

Average  actuator  output  power 

PAM 

= 

Pulse  amplitude  modulation 

PFM 

Pulse  frequency  modulation 

PWM 

= 

Pulse  widlh  modulation 

PWM  - 

Pulse  width  modulation,  single  channel 

PWM  2 

■= 

Pulse  width  modulation,  dual  channel 

Dimension 

inches 

inches 

lb-sec^ 

fi 

volts 

volts 


ft -lb-sec 


ft -lb -sec 


RPM 

RPS 


watts 
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LET  OF  ABBREVIATIONS  AND  SYMBOLS  (continued) 


Symbol 

Definition 

Di  mens  ion 

p  — 

A  av 

Motor  input  power  under  duty  cycle 

watts 

pavg 

Average  power  required 

watts 

pB 

Switching  bridge  power  consumption 

watts 

PM 

Motor  input  power 

watts 

Pd 

Diametral  pitch 

PL 

Hydraulic  leakage  power  lose 

watts 

Pm 

Mechanical  losses 

watts 

PMM 

Motor  input  power  to  deliver  maximum  desired  torque 

watts 

Pp 

Motor  input  power  to  deliver  peak  torque 

watts 

PPMII 

Parts  per  million  hours 

pS 

Hydraulic  power  required  at  servovalvcB 

watts 

psi 

Power  required  at  maximum  speed 

watts 

pS2 

Power  required  at  0. 5  maximum  speed 

watts 

p» 

Power  required  at  0. 25  maximum  speed 

watts 

PT 

Total  C.  M.  G.  hydraulic  system  actuator  power 

watts 

PL 

Total  power  consumption  in  motor  and  controller 

watts 

PT1 

Power  required  at  maximum  torque 

watts 

P'1'2 

Power  required  at  0.5  maximum  torque 

watts 

?T3 

Power  required  at  0.25  maximum  torque 

watts 

Pi 

Pneumatic  motor  inlet  pressure 

psi 

EL 

Pneumatic  downstream  pressure 

psi 

A 

Hydraulic  motor  differential  pressure 

pot 

KXl 


LIST  OF  ABBREVIATIONS  AND  SYMBOLS  ( continued) 


Symbol 

Q 

Ql 

$LM 

QLP 

Qlv 

R 


Definition 

Ratio  factor 

Total  hydraulic  system  leakage 

Total  hydraulic  niotcr  leakage 

Total  pump  leakage  {chargeable  per  control  moment 
gyroscope) 

Total  servovalve  leakage 
Resistance 


Rat  Ry  =  DC  motor  resistance 


RS 

RG 

Ro 

-G 

rP 

rr 

$ 

S1S2S3S4  = 

Sb 

sc 

T 


Motor  resistance 

Internal  resistance  of  voltage  source 

Transmission  overall  ratio 

Gas  constant 

Pitch  radius  of  gear 

Rich  radius  oi  pinion  or  planet 

Ring  gear  pitch  radius 

Sun  ^ear  pitch  radius 

Laplsce  operator 

Power  switches 

Beam  (Lewis)  stress 

Hertz  stress 

Gas  temperature 


Tem  -  Steady -state  motor  torque 


Dimension 


infysec 

inVsec 

inVsec 

inVsec 

ohms 

ohms 

ohms 

ohms 

in/°  R 

inches 

inches 

inches 

inches 

sec-1 


psi 

psi 

°R 

ft-lb 
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Symbol 

LIST  0*  ABBREVIATIONS  AND  SYMBOLS  (continue >!j 

Definition 

Dimension 

tf 

Total  coulomb  friction  torque  at  motor  shaft 

ft-ibs 

Tlm 

- 

Maximum  transmission  output  torque  (stall  torque) 

ft -lb 

tm 

- 

Instantaneous  motor  output  torque 

ft -lb 

Tm 

= 

Maximum  reqr^red  output  torque 

ft-ibs 

tmp 

= 

Torquer  rater*  peak  torque  output 

ft -Tbs 

tMS 

= 

Maximum  motor  stall  torque 

ft -lb 

•n 

Lo 

= 

Transmission  stall  torque 

ft -lb 

t 

sc 

Time 

sec 

T 

= 

Pulse  period 

sec 

f 

- 

Period  of  clock  pulse 

sec 

V 

=! 

Transmission  volume 

in3 

V/F 

Voltage  -to  -frequency 

Vl 

- 

Tooth  pitch  line  velocity 

ft/min. 

VPA 

= 

Voltage  pov/er  amplifier 

W 

= 

Transmission  weight 

pounds 

Wa 

- 

Weight  of  actuator 

IK 

w 

~ 

Specific  weight  of  material 

lb/in3 

w 

- 

Gas  weight  flow 

lb/sec 

Y 

Form  factor 

Gimbal  posit  ion  angle 

radium 

= 

Gimbal  rates 

rad/sec 

r 

Dampii  g  factor 
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i:>T  OF  ABBREVIATIONS  AND  SYMBOLS  (continued) 

%mbol 

Definition 

Dimension 

n 

- 

Transmission  efficiency 

percent 

4 

= 

Ratio  of  inertias  seen  by  outer  gimbai  and  inner  girnb&i 
torquars 

*c 

= 

Compressor  efficiency 

percent 

’m 

s 

Motor  efficiency 

percent 

r 

- 

Time  constant 

sec 

M 

- 

Dynamic  coefficient  of  friction 

itf 

c 

a 

Carrier  velocity 

rad/sec 

wc 

= 

Motor  cutoff  frequency 

rad/sec 

wi 

- 

input  angular  velocity 

rad/sec 

wm 

- 

Velocity  of  a  mass  about  an  axis 

rad/8ec 

Wu 

= 

Natural  frequency 

rad/sec 

"o 

= 

Maximum  gimbsl  rate 

rad/sec 

« 

P 

- 

Planet  gear  velocity 

rad/sec 

« 

8 

- 

Sun  gear  velocity 

rad/sec 

W0 

Output  angular  velocity 

rad/sec 

WK 

= 

Ring  gear  angular  velocity  (about  its  center) 

rad/sec 

♦ 

= 

Gear  tooth  pressure  angle 

degi.  es 
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SECTION  I 


INTRODUCTION 


1.1  GENERAL 

The  use  of  large  control  morr»«nt  gyroscopes  (CMG's)  for  the  stabilization  of 
manned  spacecraft  on  long  duration  missions  hr  been  the  subject  of  considerable  theo¬ 
retical  study.  It  is  expected  that  the  use  of  large  CMG  systems  will  lead  to  a  notable 
improvement  in  attitude  control  accuracies  and  weight  savings  when  compared  to  the 
conventional  reaction  jet  control  systems  for  long  term  missions. 

There  is  presently  a  great  deal  of  interest  in  the  double  gimbal  type  of  CMG. 
NASA  Langley  has  a  program  to  fabricate  and  test  a  large  double  gimbai  CMG  to  pro¬ 
vide  verification  of  previous  theoretical  studies.  One  of  these  studies  recommended 
that  a  study  cc  gimbal  torquers  be  carried  out  to  select  an  optimal  CMG  giinbai  torque r 
design.  The  Flight  Control  Division  of  the  Air  Force  Flight  Dynamics  Laboratory  at 
Wright-Patterson  Air  Force  Base  decided  to  undertake  such  a  torquer  study  to  com¬ 
plement  the  NASA  Langley  CMG  program. 

To  illustrate  the  problem,  the  NASA  Langley  CMG  gyro  wheel  has  an  angular 
momentum  of  1000  ft-lb-sec  and  req”ir<53  gimbal  torques  up  to  175  ft-lb.  A  direct- 
drive  DC  torquer  with  a  175  ft-lb  rating  could  weigh  over  300  pounds  and  also  consume 
a  maximum  of  over  600  watts  of  continuous  power.  Other  types  of  torquers  and  speed 
reduction  transmissions  were  therefore  investigated  for  this  application.  The  com¬ 
bined  CMG  torquer  transmission  assembly  shall  be  designated  as  a  CMG  actuator  in 
this  report. 

1.2  OBJECTIVES 

The  objective  of  this  study  is  to  determine  optimal  actuators  for  control  moment 
gyroscopes  having  angular  momentums  ranging  from  200  to  2000  fi-lb-sec.  This  study 
must  also  determine  optimal  controllers  (control  electronics)  for  the  corresponding 
range  of  actuators,  including  any  interface  relationships  between  the  controller  and 
actuator.  A  diagr  am  representing  relationships  between  the  controller  and  actuator  is 
shown  in  figure  1. 

The  optimization  studyshall  be  made  on  the  basis  of  the  following  characteristics: 
(a)  Power  consumption 
(o)  Reliability 

(c)  Weight 

(d)  Volume 

(e)  Pe  rform  anon 
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Figure  1.  Basic  Relationship  Be  tv.  en  Controller  and  Actuator 

In  addition  to  the  optimization  study,  a  preliminary  design  study  for  an  aaguiar 
momentum  of  1000  ft-lb-sec  is  needed  to  examine  its  applicability  to  the  NASA 
Langiey  CMC. 

1.3  REQUIREMENTS 

The  study  can  be  divided  into  three  parts: 

(a)  A  glmbal  actuator  optimization  study 

(b)  A  controller  study 

(c)  A  design  study  for  the  NASA  Langley  1000  ft-lb-sec  ^  ,.iG . 

1.3.1  A  Gimbal  Actuator  Optimization  Study 

The  CMG  gimbal  actuator  lorquer  and  transmission  study  is  required  for 
the  angular  momentum  range  from  200  to  2000  ft-lb-sec.  The  following  specific  re¬ 
quirements  are  to  be  considered: 

(a)  Maximum  gimbal  rate  loss  than  ±0,175  rad/sec  (approx.  ±10  deg/sec). 

(b)  Minimum  gimbal  rate  greater  than  0,000175  rad/sec  (approx.  0.01  deg/sec). 

(c)  Threshold  torque  less  than  0.5%  of  maximum  lorquer  output. 

(d)  Torque  output  linearity  shall  be  within  ±5%.  of  ‘he  maximum  output  torque. 


(e)  The  dynamic  response  of  the  actuator  shall  L  j  such  that  for  a  full  torque  output 
command,  the  gyro  gimbal  must  respond  to  and  remain  within  ±3%  of  the  com¬ 
manded  value  in,  leas  than  0.05  seconds. 

(f)  Reliability  must  bs  such  that  the  gimbal  torque r  can  be  expected  to  operate  for 
more  than  one  year  without  maintenance  or  replacement.  It  should  be  capable 
of  operating  up  to  five  vears  with  limited  maintenance  or  replacement. 

(g)  Power  consumption  must  be  kept  at  a  minimum, 

(h)  Weight  and  volume  must  be  compatible  with  feasible  CMG  designs .  Design  ob¬ 
jectives  shall  include  keeping  these  values  at  a  minimum. 

(i)  The  torquer  design  shall  place  a  minimum  friction  and  viscous  restraint  uoon 
the  output  shaft. 


With  the  maximum  gimbal  rates  and  gyro  angular  mo  men  toms  required,  the 
range  of  maximum  actuator  torques  are  35  to  350  ft-lb.  All  possible  electrical,  hy 
draultc  and  pneumatic  actuators  are  investigated  for  applicability  to  the  CMG  actuator. 
Mechanical  transmissions  of  all  applicable  type'  •*.».«  also  to  be  studied. 

1,3. 2  Controller  Optim ization  Study 


Controller  designs  will  be  evolved  and  computer  studies  will  be  made  to 
compare  the  relative  results  of  each  type  of  controller.  The  following  types  of  con¬ 
trollers  shall  be  considered  for  all  torque rs: 

(a)  DC  proportional 

(b)  Pulse  width  modulation  (single  channel) 

(c)  Pulse  width  modulation  (dual  channel  1 

(d)  ON-OFF 

(e)  ON-OFF  with  two  gain  levels 

if)  Pulse  amplitude  modulation 

(g)  Pulse  frequency  modulation 

(h)  Delta  modulation 

These  controllers  will  be  compared  on  the  basis  of  p-er  consumption, 
reliability,  weight,  volume  and  performance.  Performance  shall  consist  of  threshold, 
linearity  and  dynamic  characterto'.ics. 
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i .  3 .3  Actuator  Design  Study 

As  a  result  of  tho  glmbal  actuator  optimization  study  and  the  controller 
sAudy,  a  detailed  set  of  requirements  for  a  control  actuator  for  use  on  the  NASA 
Langloy  1000  ft-lb-seo  CMG  will  be  examined.  As  a  result  of  this,  a  preliminary  de¬ 
sign  v/ill  to  prepared  which  will  optimise  the  performance  of  the  glmbal  actuator  for 
this  application.  This  preliminary  design  will  include  layout  and  outline  drawings. 

'Die  cuilina  drawing  shall  lnolude  dimensioning  for  all  Interfaces  with  the  NASA  Lang¬ 
ley  CMG  inner  glmbal. 

Tho  glmbal  actuator  shall  be  capable  of  developing  a  maximum  torque  of 
*175  ft-lb  with  either  a  torque  or  rate  mode  configuration.  In  addition  to  the  specific 
requirements  listed  in  paragraph  1.3. 1  for  the  actuator  optimisation  study,  the  design 
must  also  meet  the  following  performance  requirements*. 

Threshold  torque  0.2  ft-lb 

Output  torque  resolution  1.75  ft-lb 

The  actuator  design  will  allow  for  modular-mounting  or  dismounting  of 
the  torque r,  a  tachometer  generator  and  the  complete  actuator.  It  must  also  be  inter¬ 
changeable  with  the  presently  designed  NASA  CMG  torquers. 

1.4  GENERAL  REQUIREMENTS 

In  addition  to  the  above,  some  general  requirements  and  other  design  objectives 
were  dictated:  such  aB,  type  of  electrical  power,  reliability,  environment  and  duty 
cycle  operation. 

1.4.1  Electrical  Power 

All  phases  of  the  study  will  be  based  upon  the  following  types  of  electri¬ 
cal  power: 

DC  —  Regulated,  28  ±  0.5  volts 
Unregulated,  24  to  31  volts 
AC  -  115/200  volts  ±  2% 

400  cps,  three-phase  wye 

1.4.2  Reliability 

A  doslgn  objective  of  tho  CMG  actuator  will  be  a  reliability  of  better  than 
0.90  for  one  year  of  continuous  operation.  With  annual  scheduled  service,  the  mini¬ 
mum  operational  life  shall  be  five  years. 
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1,4.3  Environmental  Requirements 


The  CMG  actuator  should  be  capable  of  continuous  operation  in  the  follow¬ 
ing  environment: 

Ambient  temperature:  70  F  to  120°F  while  operational 
-11 

Pressure:  10  to  1.0  atmosphere  (operational), 

10  5  *  atmosphere  (non -operational) 

Radiation:  negligible 
Acceleration:  0  to  ig  (op>erationai) 

1 , 4 , 4.  Duty  Cycle 

The  duty  cycle  of  the  CMG  actuator  will  lie  assumed  as  follows: 

1%  of  operation  time  —  Full  required  torque 

30%  of  operational  time  —  One-naif  full  required  torque 

69%:  of  operational  time  •—  One  -quarter  full  required  torque 


8ECTION  H 


SUMMARY 


2. 1  PURPOSE  OF  STUDY 

The  purpose  of  this  study  Is  to  determine  optimal  gimbal  actuators  for  large 
double  gimbal  CMG's  with  angular  momentums  from  200  to  2000  ft-lb-sec.  Elec¬ 
trical,  hydraulic  and  pneumatic  actuators,  along  with  five  different  types  of  mech¬ 
anical  transmissions,  were  investigated  with  respect  to  power  requirements,  weight, 
size  and  complexity. 

In  addition  to  the  actuator  study,  it  is  desirable  to  determine  an  optimal  con¬ 
troller  for  driving  the  CMG  actuator. 

2.  2  OPTIMIZATION  8TUDY  AND  PRELIMINARY  DESIGN 


An  optimal  actuator  and  controller  was  selected  on  the  baBis  of  minimum  power 
consumption,  minimum  weight  and  size,  maximum  reliability  and  satisfaction  of 
performance  requirements.  The  actuator  optimization  is  actually  two  studies: 
torquers  and  mechanical  transmissions.  Once  the  optimal  torquers  were  selected, 
the  transmission  optimization  study  followed . 

To  demonstrate  both  physical  and  performance  characteristics  of  a  typically 
optimal  actuator  for  the  CMG  application,  a  preliminary  design  of  the  actuator  for 
the  1000  ft-lb-sec  CMG  size  is  developed.  A  layout  drawing  and  tabulation  of  its 
performance  characteristics  are  presented.  A  summary  ot‘  the  design's  character¬ 
istics  follows: 


Design  load  torque 

Design  load  velocity 

Transmission  gear  ratio 

Peak  power  consumption 

Duty  cycle  avg,  power  consumption 

Weight 

Envelope  volume 
Reliability:  1  year 

2  months 

Threshold 
Actuator  responeo 
Damping  factor 


175  ft -lb 

0. 175  rad/sec 
60 

43 . 1  watts 
5. 5  watts 
23  lb 

380  cu  in. 

0.9741 

0.9956 

3% 

123  rad/sec 
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1.27 


The  major  difference  between  this  optional  actuator  design  (175  ft-lb  torque  for 
the  1000  ft-lb-8ec  size)  and  that  used  for  the  NASA  Langley  CMG  is  the  mechanical 
transmission.  The  actuator  in  this  study  uses  an  epicyclic  transmission,  while  the 
one  used  on  the  NASA  Langley  CMG  actuator  is  basically  a  simple  two-stage  planetary. 
The  optimal  actuator  design  has  a  number  of  significant  advantages  over  the  NASA 
Langley  CMG  actuator,  mainly  on  the  basis  of  the  characteristics  of  the  transmission 
used:  namely, 

(a)  The  number  of  teeth  of  each  driven  gear  which  are  in  engagement  with  its  driver 
gear  are  much  greater,  thereby  Improving  reliability. 

(b)  Lower  Hertz  stress  in  engaging  teeth,  thereby  improving  wear  and  life. 

(c)  Less  overall  weight. 

(d)  Smaller  volume. 

(e)  Lower  reflected  moment -of-inertia  back  to  the  motor  shaft,  thereby  minimi¬ 
zing  problems  in  achieving  response  and  dynamic  stability. 

(f)  Higher  gear  ratios  are  available  per  gear  pass  (simple  planetary  Is  limited 
to  10  per  stage). 

Except  for  problems  of  switching  high  inductive  loads  and  having  high  ripple 
torques,  a  DC  brushless  torque  motor  would  be  an  optimal  torquer.  It  has  a  lower 
threshold  and  potentially  high  reliability.  But  until  this  problem  is  solved,  the  DC 
torquer  is  considered  optimum. 

An  excellent  second  choice  for  the  mechanical  transmission  is  the  compound 
planetary  transmission. 

With  regard  to  controller  optimization,  the  single  channel  pulse  width  mod¬ 
ulator  was  selected.  An  excellent  alternate  is  delta  modulation,  particularly  where 
a  vehicle's  attitude  control  system  requires  a  digital  computer  for  determining  the 
desired  torque  output  at  each  CMG’s  pivot. 

The  single  channel  pulse  width  modulation  controller  has  the  following  charac¬ 
teristics  for  the  1000  ft -lb-sec  CMG: 


♦Peak  power  consumption 
♦Average  power  consumption 
Weight 
Volume 

Reliability  (1  year,  operational) 

(2  months,  operational) 
♦Including  actuator  power 


50. 9  watts 
8. 8  watts 
2.  5  ounces 
2.5cu.  In. 
0.9775 
0.9962 
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5  RECOMMENDATIONS 

The  recommendations  are  that: 

(a)  The  optimal  actuator  shall  Include  a  DC  torquer  and  an  epicyclic  transmission. 

(b)  The  optimal  controller  be  a  single  channel  pulse  width  modulator. 

(o)  Delta  modulation  be  considered  as  an  alternate  controller  when  a  digital 
computer  Is  used  for  resolving  torque  commands  at  each  CMG  pivot. 

(d)  Brushless  DC  torquers  should  be  considered  for  CMG  gimbal  actuation  in 
the  future  when  It  may  be  closer  to  being  established  as  "state-of-the-art". 


section  m 


APPROACH 


The  approach  to  the  CMO  actuator  study  is  summarized  in  Figure  2.  As  pre¬ 
viously  described,  the  program  was  divided  into  three  major  categories: 

(a)  Actuator  optimization 

(b)  Controller  optimization 

vc)  Preliminary  CMG  actuator  design 

The  actuator  optimization  Is  actually  divided  into  two  distinct  studies:  torquers 
and  transmissions.  As  shown  in  Figure  2,  all  types  of  electrical,  hydraulic  and 
pneumatic  torquers  or  motors  were  evaluated  In  a  preliminary  sense.  This  was  to 
eliminate  any  torquers  which  were  obviously  Inadequate  for  this  CMG  application 
before  selecting  an  optimal  torquer-type.  This  evaluation,  which  was  based  upon 
power  required,  weight,  size,  reliability,  and  performance,  is  presented  in  Section 
IV. 


A  number  of  transmission  types  for  the  CMG  actuator  application  were  also 
studied,  namely:  spur  gears,  simple  planetary,  compound  planetary,  epicycllc  and 
the  harmonic  drive.  The  study  was  made  for  five  different  actuator  torque  outputs: 
35,  87.  5,  175,  262,  and  350  ft-!b.  The  transmissions  were  evaluated  on  the  basis  of 
weight,  volume,  reflected  moment  of  inertia  to  torquer,  efficiency,  threshold  and 
backlash  as  a  function  of  torque  output  and  gear  ratio.  This  study  is  made  in  Sec¬ 
tion  V. 


Other  aspects  of  the  actuator  optimization  are  given  in  Section  VI.  Once  the 
torquer  and  transmission  types  have  been  selected,  the  actual  torquer  type  and  size 
and  the  transmission  sizing  are  determined  for  the  five  actuator  sizes.  Final  char¬ 
acteristics  of  the  five  actuators  are  then  tabulated. 

Controller  candidates  for  the  optimum  actuators  are  described  in  Section  VII. 
They  Include  the  following: 


(a) 

(b) 
<c) 


DC  proportional 
Pulse  width  modulation, 
Pulse  width  modulation, 


single  channel  (PWMj) 


double  channel 


(PWMzj 


(d)  ON-OFF 


(c)  ON-OFF  with  two  gain  levels 
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(f)  Pulse  amplitude  modulation 

(g)  Pulse  frequency  modulation 

(h)  Delta  modulation 

Power  dissipation,  reliability,  threshold,  weight  and  volume  are  determined 
for  all  eight  controllers  in  Section  Vm.  Final  selection  of  the  optimal  controller  is 
made  in  Section  IX,  where  the  optimal  actuator  is  also  reviewed. 

A  preliminary  design  of  a  175  ft-lb  CMG  actuator  can  then  be  made  on  ths 
configuration  determined  in  the  optimization  study. 

Included  in  the  design  are  the  selected  torquer,  transmission ,  tachometer 
generator  and  associated  hardware  for  mounting  to  tho  structure  and  gimbal.  A 
layout  drawing  and  an  outline  drawing  are  then  prepared.  This  preliminary  design 
is  presented  in  Section  X. 

Three  appendices  are  needed  to  support  the  preliminary  design  of  the  CMG 
actuators  is  in  Appendix  A.  A  study  of  the  types  of  gimbal  displacement  and  rate 
sensors  is  given  in  Appendix  B.  Appendix  C  contains  a  brief  analysis  for  the  selec¬ 
tion  of  bearings  for  the  actuator  design. 


SECTION  IV 


PRELIMINARY  TORQUER  EVALUATION 


4,  l  SUMMARY 

Tfee  resulti  of  the  isilial  phase  ©Sorts  indicated  that  the  DC  torquer  motors  were 
optimal  candidates  for  control  moment  gyrosoope,  gimbal  actuator  application,  Brush- 
less  1X3  torque?  motors .  electromagnetic  harmonic  drives,  and  electromechanical 
DYK  A VECT OR*  are  included  in  the  broad  category  of  DC  torquer  motors.  However, 
these  latter  thrse  types  are  generally  not  state-cd-tnc-art.  Currently,  commutation 
and  the  required  control  electronics  are  the  common  problems  associated  with  all 
three  types. 


The  graphical  power  c;.d  weight  results  of  this  section  indicate  the  total  require¬ 
ments  of  two  actuators  per  CMG„  one  for  each  axis.  Throughout  the  remainder  of  the 
report,  all  parameters  are  presented  on  a  per  actuator  basis. 

4, 2  EVALUATION  CRITERIA 

4. 2. 1  Elementary  Actuator  Operation 

Each  double  gjunfeal  gyroscope  has  two  actuators,  one  for  the  outer  gimfoal 
and  one  for  the  inner  gimbal.  The  function  of  the  actuators  are  twofold,  but  both  func¬ 
tions  are  not  required  simultaneously  on  any  one  actuator.  The  first  function  is  to 
exert  torques  at  stall.  The  second  function  is  to  provide  gimbal  rates  with  inertia  and 
friction  loading  only.  The  actuator  that  is  not  exerting  stall  torque  is  required  to  pro¬ 
vide  rates  proportional  to  the  stall  torque  exerted  by  the  other  actuator  of  a  double 
gimbal  gyroscope. 


The  data  pre^e  tod  in  this  section  illustrate  the  total  requirements  for 
two  actuators  per  CMG. 

4.2.2  Basic  . .  ssumptions 

The  control  moment  gyroscope  size  iterations  used  in  the  study  are  the 
200,  500,  1,000,  1, 500  and  2, 000  ft-lb-sec  sizes.  The  specification  used  as  a  guide 
was  "Specifications  for  Control  Moment  Gyroscope,  "  NASA  Specification  No.  L-5298, 
dated  2  August  1965. 

4.2.3  Evaluation  Considerations 

Primary  considerations  for  the  initial  qualitative  study  of  actuators  are 
average  power  demand  to  meet  steady-state  torque -speed  requirements  of  the  load, 


♦DYNA VECTOR  is  a  registered  trade  name  of  The  Bendix  Corporation 
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physical  size  arid  weight,  efficiency  and  system  complexity.  The  secondary  considera¬ 
tions  for  the  preliminary  evaluation  n-e  gross  limitations  on  expected  response  under 
rate  mode  of  operation.  The  purpose  of  this  phase  of  the  study  was  to  eliminate  spe~ 
citic  types  of  torquers  having  gross  limitations  in  application  to  the  control  moment 


For  purposes  of  uniformity,  the  transmission;  weight  estimate  per  actu¬ 
ator  was  equalised  for  all  actuator  types  as  a  function  of  maximum  transmission  output 
torque  Ttj^.  The  assumed  expressions  for  external  transmission  weights  used  were: 

For  ratios  between  15  and  100:1 

W  =  0.  029  lb/ft-lb  T,„  +  3.5  1b  (4-1) 

LM 

For  ratios  between  100  and  200:1 

W  =  0. 035  lb/ft-lb  T  ,  4-  4.2  1b  (4-2) 

These  two  expressions  are  empirically  formulated  because  of  the  scarcity  of  the  re¬ 
quired  data.  The  formulation  included  application  of  engineering  judgement  ~ tnee 
transmission  weight  data  available  included  tl  weight  of  the  housing,  and,  further, 
the  bearings  and  gear  face  widths  were  not  directly  applicable  to  the  life  requirements 
of  the  CMGs.  These  equations,  though  not  rigorously  justifiable,  served  a  useful  pur¬ 
pose  in  permitting  the  use  of  a  common  transmission  baseline  tor  comparing  tne  vari¬ 
ous  torquer  types,  and  permitting  the  completion  of  the  preliminary  qualitative 
evaluation. 


The  weights  of  the  electromechanical  and  hydraulic  DYN  A  VECTORS  were 
estimated  from  data  made  available  by  the  DYNA VECTOR  program  currently  being 
conducted  by  The  Bendix  Corporation. 

For  purposes  of  the  preliminary  evaluation,  the  transmission  efficiency 
was  assumed  to  be  90  percent. 

The  torque -speed  requirements  of  the  gimbal  actuators  are  defined  for 
the  five  CMG  sizes  under  consideration,  with  maximum  speed  being  common  for  all 
sizes  at  0. 175  rad/sec  and  stall  torque  being  the  CMG  size  times  the  maximum  speed. 
The  minimum  speed  capability  required  is  0.  000175  rad/sec.  Other  pertinent  specifi¬ 
cations  derived  during  this  study  are  illustrated  in  Appendix  A. 


The  average  steady  state  operation  power  requirements  per  CMG  derived 
in  this  study  were  based  on  the  following  load  distribution: 


P 

avg 

CMG 


0. 1  (P, 


T1 


J  +  0.  30  (P 


T2 


P  )  + 
S2 


0.  69  (P 


T3 


fV 


(4-3) 
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where 


power  required  at  maximum  torque 
power  required  at  0. 5  of  maximum  torque 
power  required  at  0. 25  of  maximum  torque 
power  requi"';u  at  maximum  s;  eed 
power  required  at  0. 5  maximum  speed 
power  required  at  0.25  of  maximum  speed 


Equation  (4-3)  states  that  the  average  power  required  for  a  two  actuator 
CMG  is  the  sum  of  the  average  power  required  to  provide  the  stall  torques  above  by 
one  actuator  and  the  average  power  required  to  provide  proportional  speed  by  the  other. 
This  arbitrary  load  distribution  is  slightly  more  stringent  than  that  distribution  used  in 
the  '“Control  Moment  Gyroscope  Design  Report"  prepared  for  NASA/Langksy  Research 
Center  by  Ecilpae -Pioneer  Division,  dated  1  November  1965. 


The  response  of  the  actuator  can  be  obtained  by  considering  that  under  the 
rate  mode  of  operation,  the  actuator  transfer  function  will  have  either  of  the  following 
forms: 


Single  Order: 


nl|S>  1 

Em (S)  I*  Sr 


Second  Order: 


nl(S> 

EmfS) 


<•> 


n 


S  +  2  rw  S  *  ui 
n  n 


(4-4) 


(4-5) 


If  a  single  order  transfer  function  governs  the  actuator,  then  the  required  t  must  be 
0,05  seconds.  However,  if  a  second  order  transfer  function  governs  the  actuator,  the 
step  response  must  be  within  ±3  percent  of  the  filial  value  within  the  same  time  inter¬ 
val  that  a  single  order  system  with  a  time  constant  of  r  -  0.  05  seconds  reaches  97 
percent  of  its  final  value.  The  required  settling  frequency  of  the  second  order  system 
must  al^o  be  less  than  100  cps.  The  required  time  to  reach  ±3  percent  of  final  value 
for  bot  types  is  0. 175  seconds.  For  a  second  order  system  with  an  assumed 
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r  =  0,7,  this  c  orresponds  to  a  natural  frequency  w  n  of  5  eps  and  a  settling  frequency 
of  3, 5  eps,  which  is  considerably  less  than  the  required  100  cps. 

Under  torque  mode  of  operation,  ±3  percent  of  final  value  wnhln  0. 175 
seconds  is  not  Stringent,  and  therefore  is  not  considered  to  be  a  response  problem, 

4.3  PARAMETERS  OF  INDIVIDUAL  ACTUATOR  TYPES 

4,3.1  Electric 

4, 3. 1. 1  DC  Torquer  Motor 

DC  torquers  were  sized  to  meet  the  maximum  torque  and  maxi¬ 
mum  speed  requirements  and  a1  so  to  minimize  the  difference  between  the  maximum 
and  minimum  suitable  gear  ratio.  The  suitable  gear  ratios  were  tabulated  using  vari¬ 
ous  DC  motors  for  each  of  the  five  separate  actuator  requirements.  The  optimum 
fixed  gear  ratio  was  estimated  to  be  in  the  range  of  100:1  to  200:1  with  the  higher  gear 
ratio  requirement  for  the  smaller  CMC  sizes. 

Table  I  illustrates  the  motors  and  transmission  ratios  consid¬ 
ered,  and  the  preliminary  data  on  weight  and  volume. 

The  resulting  gear  ratios  of  several  CMC.  sizes  were  higher  than 
200:1,  Subsequent  discussions  with  the  motor  manufacturer  indicated  that  minor  modi¬ 
fication  of  motor  internal  construction  details  would  result  in  a  change  in  the  sh  oe  of 
the  motor's  torque-speed  curve,  without  materially  altering  the  motor's  external  con¬ 
figuration  or  package  weight.  The  resulting  increase  of  the  motor’s  stal1  torque  capa¬ 
bility  permit!  d  slight  reductions  of  the  overall  gear  ratio. 


The  motor  sizing  criteria  used  were: 


(1)  Minimum  actuator  weight  consistent  will,  required  performance. 

(2)  Transmission  ratio  oi  200:1  or  less 

{3)  The  product  ox  maximum  motor  speed  and  motor  stall  torque  must  be  greater 
than  the  maximum  load  stall  torque  squared  divided  by  the  slope  of  the  load 
torque-speed  curve.  Expressed  mathematically 


N 


max 


x  T 


MS  > 


M 


L 


The  final  selected  ratios  for  each  CMG  size  arc  show-  ,  in  Table  II, 
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TORQUER  MOTORS  AND  TRANSMISSION'  RATIOS 


i 


TABLE  n 

TABULATION  OF  SELECTED  MOTORS  AND  GEAR  RATIOS 


C  M  G 

Size 

Inland 

Model  Number 

Gear 

Ratio 

200 

T-2170 

160 

500 

T-2171 

200 

1000 

T-2950 

200 

1500 

T-5134 

100 

2000 

T-5135 

100 

The  average  power  (Pavg)  required  for  the  DC  torquer  was  based 
on  the  load  distribution  given  in  equation  (4-3).  The  average  value  is  given  by  the  fol¬ 
lowing  integration: 


P  =  —  f  P  (t)  dt 
avg  t  J 

o 


(4-6) 


where  t  is  time,  r  is  the  period  of  operation,  and  P  (t)  the  instantaneous  power. 

o 

Since  the  power,  P,  required  In  a  DC  motor  at  stall  is  pure  I  R 
loss,  using  equation  (4-6) 

Pavg  ”  f  f  0  <*>  >2  *  <4-’> 

o 

For  DC  torquer  motors. 
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Since  the  assumed  loading  is  given  In  three  discrete  steps,  the  value  of  Pav_  per  actu¬ 
ator  can  be  obtained  from  the  following  summation: 


For  two  actuators,  assuming  the  same  duty  cycle  on  each,  the 
total  average. power  required  per  CMG  [Reference:  equation  (4-3)]  becomes: 

P  /CMG  =  0.26  I2  R  (4-10) 

avg  max  ' 

Actuator  parameters  using  DC  torquer  motors  for  a  double  gim- 
bal  CMG  are  Illustrated  in  Figure  3  as  a  function  of  CMG  size. 

4. 3. 1. 2  Electromechanical  DYNAVECTOR  Actuator 

The  information  presented  In  this  paragraph  was  extracted  from 
scaling  factor  data  made  available  by  the  DYNAVECTOR  efforts  currently  being  con¬ 
ducted  by  The  Bendix  Corporation.  The  volume,  weights  and  power  consumption,  as  a 
function  of  CMG  size,  are  shown  in  Figure  4.  The  weight  and  volume  requirements  of 
the  associated  commutation  circuitry  have  not  been  included  in  the  data  illustrated  in 
Figure  4. 

The  transmission  ratio  used  was  840:1.  No  external  transmis¬ 
sion  was  roquired  since  this  ratio  is  integrated  with  the  electric  DYNAVECTOR.  In 
general,  the  system  weight  tends  to  decrease  as  the  transmission  ratio  is  further  in¬ 
creased.  However,  with  very  high  transmission  ratios,  the  transmission  life  Is  de¬ 
creased  by  the  high  velocities  of  some  of  the  transmission  parts.  If  very  high 
transmission  ratios  are  used,  the  system  should  have  a  two-ratio  transmission  with 
a  clutching  or  shifting  mechanism  to  reduce  the  transmission  ratio  for  high  speed 
o,[X! ration.  Transmissions  with  the  ratio  selected  should  be  capable  of  long  life  and 
would  not  rcqulro  a  clutch. 
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4.3. 1.3  Brushless  DC  Torquer  Motors 

In  general,  brushless  torquer  motors  are  very  similar  to  brush- 
typo  DC  torquer  motors  when  comparing  motor  weight,  size,  and  efficiency  alone.  The 
primary  disadvantage  is  a  total  package  weight  of  motor  and  necessary  commutating 
mechanism  which,  for  units  that  have  been  built,  cause  the  total  motor  weight  to  be  as 
groat  as  two  to  three  times  the  equivalent  brush -type  DC  torquer  motor  weight.  A 
second  disadvantage  is  the  ripple  torque  present  on  the  output  shaft.  This  ripple  has 
variations  or,  the  order  of  ±10  percent  with  present  technology.  Advantages  of  brush- 
lees  unite  are  lower  friction  torque  and  potentially  higher  reliability.  W 

4.3. 1.4  Stepping  Motors 


Slo-Syn  synchronous  motors  require  100  or  200  input  power 
steps  per  shaft  revolution.  The  stall  torque  values  are  between  0. 1  ft-ib  and  10  ft-lb. 
The  maximum  output  speeds  vary  between  12  and  60  rpm.  The  size  of  the  units  range 
from  7  in3  to  230  in3,  respectively.  The  larger  (10  ft-lb,  12  rpm)  unit  would  be  suit¬ 
able  for  the  400  ft-lb-eec  CMG  when  used  with  a  gear  ratio  of  7,  but  the  volume 
(230  in3)  of  the  stepping  motor  alone  far  exceeds  that  of  the  actuator  using  a  DC 
torquer  motor  having  a  volume  of  8«  in3  at  this  particular  CMG  size.  A  second  dis¬ 
advantage  is  the  variation  in  torque  at  stall,  dependent  upon  shaft  position.  The  major 
advantage  is  that  control  methods  are  suitable  for  maintaining  constant  speeds  with 
variable  loads;  however,  the  size  of  these  would  be  considerably  larger  than  DC 
torquer  motors  for  the  given  application.  From  the  size  standpoint,  the  Slo-Syn  syn¬ 
chronous  motors  should  be  eliminated  from  further  consideration  for  this  application. 


4. 3. 1. 5  AC  Servomotors 


In  general,  to  meet  torque -speed  requirements  with  AC  servo¬ 
motors,  the  required  gear  ratios  would  be  between  270  and  4500:1.  One  Kearfott  size 
40  AC,  28  volt,  400  cps  motor  has  the  required  torque-speed  combination  with  2700:1 
gear  ratio  for  the  large  CMG  and  weighs  5  pounds  for  the  motor  only.  This  gear  ratio 
indicates  a  very  good  possibility  of  poor  response  capabilities  and,  consequently, 
would  not  be  as  suitable  for  this  application  as  the  DC  torquer  motors.  Power  servo¬ 
motors  from  Diehl  Manufacturing  Company  aro  not  suitable,  because  frequency  re¬ 
sponse  characteristics,  are  below  2.6  cps  for  400  cycle  AC  units.  The  400  cycle  AC 
instrument  servo  would  require  gear  ratios  of  4500:1,  and  motor  frequency  response 
would  be  limited  to  about  2  cps.  This  would  eliminate  this  type  of  servo  from  further 
consideration. 


(1) 


See  References  No. 


1,  Appendix  D 
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4.3. 1.6  *RESP0N8YN  Actuator 


Servo  actuators  designated  as  RESPONSYN  actuators  have  been 
built  by  the  United  Shoe  Machinery  Corporation,  Beverly,  Massachusetts.  These  units 
employ  a  rotating  magnetic  field  which  deflects  the  flex  spline  of  a  harmonic  drive 
transmission.  One  of  two  design  variations  could  be  utilized.  One  approach  utilizes 
an  integrated  motor  and  harmonic  drive  transmission  and  is  designated  as  the  EHD. 
The  second  approach  uses  an  external  transmission  In  addition  to  the  Integrated  pack¬ 
age  and  is  designated  as  the  EHD/Tx. 

RESPONSYN  actuators  »rc  available  with  stators  having  distrib¬ 
uted  windings  for  operation  as  synchronous  motors  or  with  stators  having  discrete 
windings  for  operation  as  stepping  motors.  The  current  state-of-the-art  Includes  two 
RESPONSYN  actuator  sizes  that  are  past  the  development  stage.  They  are  the  6  and 
120  in-lb  sizes.  Other  sizes  have  been  built  for  special  applications. 

Table  in  Illustrates  data  furnished  by  the  manufacturer.  The 
following  requirements  were  used  In  the  sizing  estimate: 


(1) 

Stall  torque  - 

0. 175  x  CMG  size 

(2) 

Maximum  output  speed  - 

2  rpm 

(3) 

Operating  voltage  - 

30  VDC 

(4) 

Cooling  - 

without  external  fans 

The  estimates  presented  in  Table  in  are  not  fully  optimized  for 
this  application,  but  are  useful  for  comparative  tradeoff  purposes  throughout  the  CMG 
size  range.  The  weight,  power  and  size  estimates  are  for  the  RESPONSYN  actuator 
alone,  excluding  electronics  for  controlling  the  field  in  the  stator  and  the  required  ex¬ 
ternal  transmission  for  EHD/Tx  approach. 

The  approximate  dimensions  of  a  stepping  actuator  that  was  built 
for  a  special  application  (2),  are  a  cylinder  having  a  4-inch  diameter  and  4-inch  length 
connected  to  another  cylinder  having  an  8 -Inch  diameter  and  4-inch  length.  Its  weight 
is  only  22  pounds  (as  compared  with  180  pounds  for  the  size  500  CMG  submitted  by  the 
manufacturer).  This  unit  had  an  overall  efficiency  of  35  percent,  a  maximum  output 
speed  of  18  rpm,  and  a  holding  torque  capability  of  100  ft -lb.  The  size,  weight  and 
power  consumption  requirements  of  the  motor  commutation  electronics  packages  were 
not  supplied  by  the  manufacturer  and  are  not  included  In  the  above  data. 


♦RESPONSYN  actuator  is  a  catalog  term  used  by  the  Harmonic  Drive  Division,  United 
Shoo  Machinery  Corporation. 

(2.) 

'  Seo  Reference  No.  2,  Appendix 
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TABLE  m 


RESPONSYN  ACTUATOR  DATA 


CMC  81m  (ft-lb-Mc) 

200 

500 

1000 

1500 

2000 

Weight 

EHD  Motor  Ob*} 

70 

180 

350 

510 

690 

EHD/  Tx  Motor 
only  (lb() 

0.6 

2.6 

7 

13 

»0 

Power 

CHO  #  inr.x  stall 
torque  (watte) 

S20 

960 

1500 

1940 

2400 

ZHD/  Tx  |  max.  stall 
torque  (watts) 

22 

56 

110 

160 

220 

|  Powir  at  maximum  apead  U  approximately  1/4 

|  of  tha  power  at  maximum  stall  torque 

Slse 

EHD  Motor 

Diameter  (in) 

9.5 

12 

14 

15.5 

17 

Length  (In) 

U 

18 

22 

23 

25 

JHD/Tx  Motor  only 

Diameter  (In) 

2.5 

3.5 

5 

6.5 

8 

length  (In) 

3.7 

5 

7.5 

9.7 

12 

Additional  Requirements 

External  Trenamiaslon 
Ratio  using  the  EHD/Tx 
Approach 

80 

35 

25 

20 

18 

4.3.2  Hydraulic  Actuators 

4. 3. 2. 1  Conventional  Systems 

There  are  several  basic  types  of  hydraulic  actuation  systems 
that  could  bo  cons  Ida  red  as  possible  candidates  for  application  to  the  CMG.  Among 
these  are  tho  constant  flow  system,  the  servo  pump  system  and  the  servovalve  system. 

Constant  flow  systems  as  shown  In  figure  5  were  discarded  from 
further  consideration  as  candidates  for  the  CMG.  Their  operation  is  poorly  adapted  to 
application  to  two  or  more  Independent  systems  operating  simultaneously  from  the 
oamo  supply.  This  Is  especially  true  for  the  CMG,  where  ono  gimbal  operates  under 
low  pressure,  high  flow  conditions  (rate  control),  and  the  other  gimbal  operates  under 
high  prossure,  low  flow  conditions  (torque  control). 
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SYSTEM  I. 


I - 1 


Figure  5.  Hydraulic  Power  Supply  with  Constant  Flow 


The  electrical  system  analogy  of  the  constant  flow  hydraulic  sys¬ 
tem  is  constant  current  operation.  The  constant  flow  syBtem  would  be  sized  to  provide 
the  liigh  flow  requirement  of  one  gimbal  and  the  high  pressure  requirements  of  the  sec¬ 
ond  gimbal.  The  resulting  extra  auxiliary  control  equipment  increases  overall  weight 
and  decreases  reliability.  Furthermore,  the  operation  of  such  a  system  is  very  inef¬ 
ficient  in  overall  power  consumption,  and  would  be  v?ry  nonlinenr.  Servo  performance 
characteristics  would  at  best  be  only  fair. 

Variable  displacement  pumps  or  servo  pumps  also  were  not  con¬ 
sidered  for  several  reasons.  The  servo  pump  power  efficiency  is  greater  than  servo¬ 
valve  efficiency  on  a  single  axis  system  comparison  basis.  However,  for  the  CMG, 
two  axes  must  be  connected  to  a  single  servo  pump  or  one  servo  pump  must  be  used 
with  each  gimbal.  An  example  is  shown  for  a  constant  pressure  system  in  figure  6. 

Since  use  of  multiple  servo  pumps  (one  per  axis)  is  not  practical 
from  the  size  and  weight  viewpoint,  a  single  servo  pump  must  be  used  for  each  CMG. 
This  3ervo  pump  would  be  sized  to  provide  the  peak  pressure  requirements.  Load 
flew  requiromonts,  within  the  range  of  maximum  demand  required  by  the  load  profile, 
would  i>o  obtained  by  varying  pump  displacement.  Auxiliary  equipment  in  the  form  of 
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SYSTEM  I. 


Figure  6.  Hydraulic  Power  Supply  with  Constant  Pressure 


pressure  reducing  valves  and  switching  valves  would  be  required  to  implement  the  con¬ 
trol  circuit.  Use  of  pressure  reducing  valves  would  lower  the  overall  power  efficiency 
capability  of  the  servo  pump.  The  extra  equipment  adds  additional  weight  and  physical 
size  requirements,  and  reduces  reliability.  Finally,  the  larger  volume  of  fluid  under 
compression  In  the  servo  pump  system  lowers  the  "hydraulic  spring"  rate,  and  gives  a 
low  control  response.  This  response  generally  is  several  times  lower  than  an  equiva¬ 
lent  servovalve  system. 

A  servovalve  controlled  hydraulic  actuating  system  (See  figure  7) 
for  the  CMG  would,  in  general,  consist  of  the  following  elements: 

(1)  Servovalve 

(2)  Rotary  actuator 

(3)  Transmission 


j# 


Figure  7.  Servovalve  Controlled  Hydraulic  Actuator  System 


(4)  Auxiliary  Power  Unit  (A.  P.  U. )  consisting  of: 

(a)  Electric  motor 

(b)  Pump 

(c)  Accumulator 

(d)  Reservoir 

(e)  Valves,  fittings,  lines,  etc. 
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Unless  a  suitable  hydraulic  power  supply  is  available,  the  penal¬ 
ties  of  added  weight  and  ncrifiess  In  efficiency  and  reliability  incurred  in  the  eonver- 
«km  from  electrical  to  hydraulic  power  must  fee  charged  to  the  hydraulic  actuators. 

The  fact  hat  the  proposed  units  will  operate  over  extended 
period®  of  time  precludes  the  possibility  of  i>pe  rating  the  system  entirely  from  a 
charged  accumulator.  An  optimum  actuator  would  most  likely  contain  an  A,  P.  V.  con¬ 
sisting  of  a  motor  -pc  mp  -aecu  mutator  with  suitable  on-off  controls  to  meet  the  average 
and  peak,  power  demands  of  the  eystei. 

Preliminary  considerations  of  system  characteristics  seem  to 
indicate  the  need  for  certain  redundancies  if  the  hydraulic  actuator  is  to  meet  the  reli¬ 
ability  requirements  of  a  mi&sina  of  this  nature.  The  electric  driving  motor  possesses 
sufficient  reliability  potential,  and,  because  of  stringent  weight  requirements,  would 
not  be  duplicated.  However,  it  is  felt  that  two  pumps  should  be  provided  One  pump 
would  be  held  on  a  standby  basis  and  would  be  clutched  to  the  common  electric  motor 
In  the  event  that  the  primary  pump  w ere  unable  to  maintain  sy*  lem  pressure.  Simul¬ 
taneous  declutching  of  the  printary  pump  would  also  be  required.  An  over-running 
type  mechanism  could  be  designed  to  accomplish  this  task. 

Standby  redundancy  of  the  hydraulic  actuator  would  be  desirable 
from  a  reliability  standpoint  but  would  be  difficult  to  implement  without  introducing  ex  ¬ 
cessive  weight  and  imbalance  to  *he  system  at  the  load. 

Duplication  of  the  servovalve  would  most  likely  not  be  justified 
by  the  small  resultant  increase  in  reliability  since  a  valve  inactive  for  long  periods  of 
time  would  be  susceptible  to  seizing. 

The  criteria  of  evaluation  are  limited  to  torque -speed  capability, 
power  consumption  based  on  an  average  torque  of  33  percent  of  maximum  torque  and 
an  average  speed  of  33  percent  of  maximum  speed  [Reference:  equation  (4-3)]  ,  sys¬ 
tem  weight  and  system  response.  Hydraulic  systems  are  well  known  for  their  response 
capabilities.  Consequently,  response  was  not  considered  at  this  time. 

The  preliminary  evaluation  of  an  actuator  for  the  large  (2000  ft- 
Ib-sec)  CMG  actuators  will  be  car.  led  out  in  some  detail  and  will  serve  to  illustrate 
the  method  used  for  evaluation  of  all  five  CMG  sizes.  Graphical  results  are  presented 
for  all  sizes. 

The  ±360  degree  and  ±80  degree  outer  and  inner  gimbal  rotation 
requirements,  and  the  interchangeable  actuator  requirements  for  both  gimbals  elimi 
nates  any  of  the  rotary  types  available  which  are  not  capable  of  meeting  this  require¬ 
ment.  and  indicates  the  use  of  a  vane  or  piston-type  continuous  rotation  motor,  f  igure 
8  shows  a  functional  diagram  of  a  reversible  vane  motor.  One  example  of  a  piston- 
type  motor  is  the  cam  piston  motor  shown  in  figure  9.  Gear  types,  as  shown  in  figure 
10,  were  not  considered  because  of  their  relatively  large  leakage  at  stall  condition 


Figure  8.  Schematic  -  Reversible  Vane  Motor 


Figure  9.  Cam  Piston  Motor 


Figure  10.  Gear  Motor 


The  rr'nimum  open  servo  loop  smooth  speed  of  hydraulic  vane 
and  piston-type  motors  is  estimated  by  motor  manufacturers  to  be  in  the  range  of  5  to 
10  rpm.  This  minimum  range  capability  is  primarily  due  to  the  combined  effects  of 
coulomb  friction,  imperfect  motor  displacement  per  revolution,  and  differences  in 
motor  leakage  as  a  function  of  output  shaft  position.  Use  of  well  compensated  seivo 
control  loops  will  permit  smooth  closed -loop  operation  as  low  as  0. 1  rum.  Using  this 
closed  loop  low  speed  practical  limit,  the  minimum  reduction  ratio  would  lie  CO,  and 
the  minimum  smooth,  closed-loop  output  speed  of  the  actuator  would  be  0.000175  rad/ 
sec. 

The  displacement  flow  power  required  by  a  hydraulic  motor  i 

given  by; 

Pv  Kdp  I)  R  N  (4 -lit 

A  m  ( >  rn 

where 

P4  displacement  flow  newer  (watts) 

A 

Ap  differential  pressure  (psi) 

0  motor  displacement  (hr'/rov) 

m 

11 

G 


gear  ratio  (dimensionless) 


-  output  speed  { rev/sec) 

K  -  dimensional  constant  =  0. 113  watt-sec/ln-lb 

The  minimum  value  of  R^  has  been  determined  from  the  motor 
limitations,  and  Nm  is  fixed  by  the  output  speed  specifications. 

Neglecting  leakage,  no  power  would  be  dissipated  by  one  actu¬ 
ator  at  stall  since  no  flow  is  required.  Tho  entire  power  dissipation  would  take  place 
in  the  second  actuator. 

If  Nm  in  equation  (4-11)  Is  taken  as  N-vc  0. 33  Nmax.  equation 
(4-11)  becomes  the  expression  for  tho  average  ideal  power  dissipation  of  the  actuators, 
and 


PA  •-=  (0. 113)  Ap  Dm  Rg  (0.33)  (0. 0279  rev/sec) 


or 


PA  =  10. 4  x  10~4  Ap  D  R„  (4-12) 

A  m  G 

The  minimum  differential  pressure  at  which  a  hydraulic  motor 
can  produce  torque  Tmax  (in  this  case,  350  ft-lb  or  4200  ln-lb)  is  given  by: 


2*T 


max 


min  D  R 
m  G 


(4-13) 


Combining  equations  (4-12)  and  (4-13)  yields: 


P.  =  10. 4x10  4  (2»T  )  watts 

A  max 


(4-14) 


whore 


T  is  in  in-lb 
max 

It  is  seen  from  equation  (4-14)  that  the  average  power  dissipated 
in  the  actuator  for  a  hydraulic  system  is  a  function  of  the  level  of  stall  torque  only; 
thus,  the  selection  of  values  of  Ap,  Dm,  and  Rq  must  be  based  on  considerations  other 
than  minimizing  the  average  ideal  power  dissipation. 
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tea  as: 


The  total  average  power  consumption  at  the  system  can  be  writ- 


PT  '  PA  *  PL  * 


m 


(4-15) 


where 

P  =  total  average  power  consumption  of  the  actuator  system  for  a  single  CMG 
(watts) 

=  ideal  power  required  by  the  actuators  (watts) 

P  -  leakage  flow  power  (watts) 

=  mechanical  losses  (watts) 

For  the  selection  of  any  combination  of  values  of  Dm,  Ap,  and 
Rq,  which  satisfy  the  maximum  torque  requirement  In  equation  (4-13),  the  PA  term  In 
consumption  indicates  selecting  Ap,  Dm,  and  Rq  to  minimize  the  system  leakage  Iobb 
term  Pj  .  Since  leakage  flow  is  proportional  to  the  differential  pressure  across  an 
element,  it  can  be  minimized  by  selecting  a  system  pressure  as  low  as  possible  while 
not  compromising  torque  demand. 

A  system  pressure  of  500  psl  was  selected.  While  pressures 
lower  than  500  psi  would  decrease  leakage  flow,  motor  physical  size  and  weight  would 
increase  since  a  larger  motor  displacement  would  be  required  to  offset  the  reduced 
pressure.  The  optimum  system  is  In  the  500-psi  range  when  both  the  overall  weight 
and  the  total  power  demand  are  considered. 

With  the  supply  pressure  fixed,  the  selection  of  D  and  Rq  can 
be  ma.de  on  the  basis  of  minimum  weight.  The  minimum  gear  ratio  has  already  been 
deter  mined  as  60  and  the  stall  torque  as  4200  In-lb.  Dy  rearranging  equation  (4-13), 
the  following  relationship  results: 


D 

m 


R, 


2rT 


max 

Ap 


(4-16) 


It  is  seen  that  Increasing  Rq  permits  the  use  of  a  smaller  and 
lighter  motor.  Under  the  transmission  assumption  made  in  equation  (4-1),  the  weight 
of  tho  tx  *  .omission,  for  a  pax-ticular  stall  torque  value,  is  constant  for  ratios  to  100. 

In  this  case,  tho  transmission  weight  would  be  13.  5  pounds.  Thus,  a  ratio  of  100  may 
bo  used  without  an  additional  Increment  of  weight.  Using  equation  (4-16)  with  Rq  =  100, 
iho  necessary  minimum  motor  displacement  Is  0.528  in  /rov. 
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A  suitable  motor  would  be  the  Vickers  Model  Dll  aircraft -type 
axial  piston  motor  which  has  a  displacement  of  0. 598  in3/rev  and  a  weight  of  6.  8 
pounds. 


Substituting  the  selected  values  of  D  ,  Rc  and  Ap  into  equation 
(4-12)  yields  an  average  ideal  actuator  power  dissipation  of  31.7  watts. 

Suitable  miniaturized  servovalves  are  manufactured  by  Bendix 
Corporation.  Lear-Siegler,  and  Moog  Servo  Controls,  among  others.  Sales  literature 
indicates  the  weight  of  such  a  valve  to  be  approximately  1/3  pound.  A  four-way  servo¬ 
valve  is  shown  in  figure  11.  This  servovalve  is  usually  used  as  a  second-stage  for  an 
electrically  energized  low  level  valve,  such  as  a  flapper  valve.  An  electrical  or  mo- 
chanical  feedback  from  the  four-way  second  stage  valve  to  a  low-level  first  stage  valve 
is  usually  nackaged  as  one  complete  servovalve. 

No  data  is  immediately  available  on  suitable  hydraulic  power 
units  since  those  are  nonstandard  items.  Conversations  with  manufacturers  of  similar 
equipment  indicate  that,  for  the  purposes  of  this  study,  25  pounds  might  be  a  reason¬ 
able  estimate  of  the  weight  of  such  a  unit.  In  arriving  at  a  system  weight  per  CMC.  it 
was  assumed  that  3  gyros  will  be  supplied  from  tho  same  A.  P.U.  and  therefore  1/3  of 
the  weight  was  charged  to  each. 


«* 


Figure  11.  Four-way  Valve 
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I  h»_-  estimated  system  weigh*  -  an  !<•  fount !  *.%  lemming  f ho  cor  ■ 
trf-.tuKv,  •  :i  each  i-omjujnent.  From  l  able  TV  this  weight  1b  51.3  pounds. 

The  power  consumption  of  the  system  Is  evaluated  on  an  aveiagc 
basis.  It  Is  assumed  that  an  accumulator  capable  of  providing  peak  demands  Is  In¬ 
cluded  In  the  hydraulic  power  unit. 

Tho  Pa  portion  of  the  total  power  consumption  has  been  com¬ 
puted  as  31. 7  watts. 


The  leakage  flow  for  the  911  hydraulic  motor  la  given  by  the 
Vickers  Corporation  as  0. 128  in3/sec/1000  psl.  Assuming  the  supply  pump  to  have 
about  tho  same  characteristics,  the  leakage  flow  for  the  two  motors  and  the  pump  at 
500  psl Is: 


QLM  +  Q 


LP 


( 


2  I  1/2  x 


0. 128  in 


sec 


-  ^  +  1/3  ^1/2  x 


0. 128  In 
sec 


) 


(4-17) 


0. 149  in3/sec 


Leakage  tlow  for  the  Lear-Sieglcr  servovalve  Is  given  as  typi¬ 
cally  0. 1  GPM/4000  psl  or  1/2  (Qlv)  ~  °*05  ln3/scc  at  500  psl.  or  QLy  ~  0. 10  In3/ 
sec. 


leakage: 


Total  system  leakage  Is  the  sum  of  pump,  motor  and  Bervovalve 


Q  =  Q  +  Q  i 
*LV  ^LM 


Q 


LP 


(4-18) 


Total  system  leakage  Is  then  0.249  ln3/sec  at  500  psl.  In  terms 
of  power,  this  represents  about  15  watts. 


TABLE  IV 

WEIGHT  OF  TWO  HYDRAULIC  GIMBAL  TORQUERS  FDR  A  2000  FT-LB-SEC  CMG 


2  Motors 

1 3.6 

lb 

2  Transmission* 

Z7.0 

lb 

2  Ssrvovalves 

0.7 

lb 

Sub -Total 

41.3 

lb 

1/3  (A.P.U.  +  Miac.  Valving) 

10.0 

lb 

TOTAL 

51.3 

lb 
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T  hus  »'.r,  31.  7  -  1»  or  46. 7  watts  must  be  supplied  to  the  svs- 
-  ’  rl-e  includes  volumetric,  but  not  mechanical,  tne  flic  ten  cies. 

The  efficiency  of  conversion  from  electrical  to  hydraulic  power 
was  taken  as  40  percent.  This  figure  is  in  line  with  the  claims  of  manufacturers  of 
aircraft  A.  P,  U. 's  (e.g. ,  Eastern  Industries  of  Hamden,  Connecticut).  Reasonable 
efficiencies  were  assumed  for  the  other  components  and  are  listed  in  Table  V. 

The  total  power  consumption,  Pj,  is  obtained  by  dividing  the 
previously  found  power  requirement  of  46. 7  watts  by  the  overall  system  efficiency  to 
yield: 


P 


T 


46. 7  watts 
0.18 


-  269  watts 


Values  of  actuator  system  weight  and  power  consumption  for 
CMG  of  other  sizes  were  calculated  in  a  similar  manner  and  are  Illustrated  in  figure  12. 

Should  a  hydraulic  power  supply  be  made  available,  it  would  be 
necessary  to  laiow  the  power  required  at  the  hydraulic  servovalves.  The  power  re¬ 
quired  at  the  servovalves,  Pfl,  Is  the  actuator  power  plus  total  leakage  power  less  the 
leakage  power  of  the  pump,  all  divided  by  the  mechanical  efficiency  of  the  valve  and 
actuator.  Thus 


PS- 


PA  .  PL  -  K  Ap  Qlp 
0.  8  x  0.  8  x  0.  7 


(4-19) 


Total  power  required,  as  previously  defined,  is  the  sum  of  actuator  and  leakage  power 
divided  by  component  and  A.  P.U.  efficiencies.  That  is,  from  equation  (4-16), 


TABLE  V 

EFFICIENCIES  OF  THE  HYDRAULIC  COMPONENTS  FOR  A  CMG 


Hydraulic  Motor  (2) 

70  percent 

Tranamiaaton  (2) 

80  percent 

Sarvovalve  (2)* 

80  percent 

The  Overall  Efficiency 
(leas  A. P.U.) 

45  percent 

A. P.U. 

40  percent 

The  Overall  Efficiency 
(including  A. P.U.) 

18  percent 

Basic  servovalve  losses  have  been  included  In  the 
determination  of  the  average  ideal  power  *  P^. 
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CMC  SIZE  (FT -It -SEC) 

Figure  12.  Hydraulic  Actuation  System  Weight  and  Power  Consumption 


PA  PL 


0. 4  X  0. 8  x  0. 8  x  0. 7 


(4 -15a) 


or 


0.4  Pm  - 


PA  PL 


T  0. 8  x  0. 8  x  0. 7 
Substituting  this  relationship  into  equation  (4-19),  the  latter  becomes 

k*p  QLp 

p  -  0  4  p  .  — 

S  "  T  0.8  x  0.8  x  0.7 


(4-19a) 


The  pump  leakage  power  (KAp  Q.  _)  Is  based  on  average  values  given  by  manufacturers. 

LlP 
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What  equation  (4 -19a)  says,  In  effect.  Is  this:  If  a  hydraulic- 
power  supply  in  already  available,  then  the  A,  P.  IT.  efficiency  floes  not  have  to  lie 
taken  Into  account.  Thus  the  hydraulic  power  required  Is  only  40  percent  of  the  pre¬ 
viously  calculated  total  Input  power  to  tho  A.  P.U.  (This  accounts  for  the  term  0.4  PT.) 
Further,  9incc  a  pump  Is  not  required,  the  leakage  power  of  the  pump  (dlvldod  by 
efficiencies)  is  subtracted  from  the  0.4  P-j«  term  to  determine  the  hydraulic  power  that 
would  be  required  at  the  servovalves. 

A  tabulation  of  hydraulic  power  requirements  at  tho  servovalves 
of  a  control  moment  gyroscope  Is  shown  In  Table  VI.  This  table  represents  power  re¬ 
quired  for  a  500  psi  constant  pressure  servovalve  system  controlling  a  two  actuator 
CMC.  Note  that  It  neglects  the  electric -to -hydraulic  conversion  losses. 


TABLE  VI 

SERVOVALVE  POWER  REQUIREMENTS  PtfR  CMG 


CMG  Size 
ft-lb-aec 

PT 

watts 

0.4  PT 
watt  a 

Qlp 

in3/sac 

Ap  Qlp  k 

watta 

**8 

watta 

2000 

259 

104 

0.021 

1.2 

103 

1500 

186 

74 

0.015 

0.9 

73 

1000 

152 

60 

0.015 

0.9 

59 

500 

97 

39 

0.009 

0.5 

38 

200 

75 

30 

0.009 

0.5 

29 

Ordinarily,  one  of  the  greatest  advantages  of  a  hydraulic  system 
Is  its  smaller  size  and  weight  for  given  power  capability.  This  is  fully  exploited  by 
designing  systems  to  operate  at  high  pressure  levels.  In  this  case,  however,  where 
leakage  flow  represents  a  very  high  proportion  of  system  power  consumption,  some 
compromise  in  size  and  weight  is  indicated  in  order  to  reduce  systom  pressure  and, 
thus,  leakage  losses.  The  highly  inefficient  high  pressure  operation  Is  due  to  the  low 
powor  demand  of  the  system,  much  lower  than  those  of  systems  for  which  hydraulics 
are  usually  considered. 

The  following  sample  computation  serves  to  demonstrate  the  un¬ 
feasibility  of  3000  psi  operation  for  this  application.  Using  a  small  displacement 
motor,  for  example  the  Vickers  Motor  Model  Number  906,  the  unit  has  a  displacement 
of  0. 095  In3 /rev  and,  for  two  units  per  CMG,  displacement  flow  power  of  32  watts 
(from  equation  4-14).  Each  of  the  Model  906  motors  has  a  leakage  flow  specification 
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of  0.04  In'Veec/lOOO  psl.  Thus,  the  leakage  flow  for  two  motors  and  1/3  of  the  A.  P.U. 
at  3000  pal  is; 


QLM  + 


Q 


LP 


psl  i 8 


O  fin nn  -t  -  °* 04  ln3/seo\  ,  1  0.04  ln3/sec\ 

2  ^3000  pel  x  J  +  5  ^000  pi  x  J 

qlm  *  qlp  "  °-241”',/”eo 

The  leakage  flow  &  two  typical  Lear-8legler  servovalves  at  3000 


Q. ..  =  0.6  In  /sec 

JLV 


The  total  leakage  flow  io 


ql  ■  qlv  +  qlm  *  qlp  "  °-24  + 


Q  -  0. 84  In  /sec 
L 


In  terms  of  power. 


PT  a  Ap  Qt  K 

Li  Lf 

P  -  3000  psi  x  0. 84  ln3/sec  x  0. 113 
L 

P  «  285  watts 
L 

The  total  displacement  and  leakage  flow  power  required  Is  317 
watts.  The  Inherent  mechanical  efficiency  Is  18  percent  from  Table  V.  Thus, 

Q17 

PT  =  o7l8  1760  Wart8 

It  can  be  seen  that  the  total  power  requirement  at  3000  psl  Is 
approximately  7  times  the  power  at  500  psl.  The  ratio  of  leakage  power  to  displace¬ 
ment  flow  powor,  P^/P^,  Is  approximately  9  at  3000  psl,  while  It  Is  less  than  1  at 
500  psl. 


4. 3.  2. 2  DYNAVECTOR  Hydraulic  System 

The  DYNAVECTOR,  an  Integral  hydraulic  motor  and  eplcyclic 
transmission,  possesses  Its  greatest  advantage  for  this  application  In  its  lighter  weight. 
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System  weights  are  plotted  In  equation  4-rt.  showing  the  weight  savings  when  a  DYNA- 
VECTOR  unit  replaces  the  hydraulic  motor  and  planetary  transmission  of  the  conven¬ 
tional  hydraulic  system.  Power  consumption  for  the  DYNA VECTOR  system  Is 
ascumed  to  remain  essentially  the  same  as  that  for  conventional  hydraulic  systems. 

4. 3. 2. 3  Stepping  Actuators 

The  smallest  elcctrohydraullc  stepping  motor  manufactured  by 
Fujitsu,  Limited,  would  be  suitable  for  the  largest  CMC  when  coupled  with  a  200:1 
gear  ratio  since  It  is  capable  of  a  30  in-lb  stall  torque  and  a  maximum  speed  of  50  rad/ 
see.  The  motor  size  le  3  inches  In  diameter  and  10  inches  In  length.  Thus,  when  used 
with  a  200:1  transmission,  It  Is  considerably  larger  than  the  equivalent  DC  torquer 
motor  system.  Further,  the  unit's  relatively  large  length -to-dlameter  ratio  does  not 
readily  fit  itself  to  the  general  "pancake"  construction  philosophy  required  by  the  con¬ 
trol  moment  gyroscope. 

4.3.3  Pneumatic  Actuators 

4. 3. 3. 1  Flow  Requirements 

The  calculations  In  this  section  are  based  on  the  test  record  of  a 
pneumatic  gearmotor^3)  and  are  the  basis  for  determining  pneumatic  system  power  re¬ 
quirements.  The  motor  is  approximately  the  size  required  for  the  2000  ft -lb-sec  CMG. 
Piston  motors  wero  not  considered  in  this  evaluation.  Although  piston  motors  have  a 
^lightly  higher  volumetric  efficiency  than  gear  motors,  the  overall  efficiency  is  lower. 

The  weight  of  gas  flow  through  the  motor,  using  hydrogen  sup¬ 
ply,  Is  given  by: 

P  P 

W  =  —4  D  N  +  C  A,  — Ww  Ib/seo  (4-20) 

RqT  mm  o  L  yT  ' 

Tho  first  term  on  the  right  is  the  weight  of  gas  displaced  as  the  motor  rotates.  The 
second  term  is  the  leakage  flow. 

o 

A  =  equivalent  leakage  area,  in 
L# 

Cq  =  flow  coefficient,  V  °R/sec 

3 

D  =  motor  displacement,  in  /rev 
m 

N  =  motor  speec,  rev/sec 


^See  Reference  No.  3,  Appendix  D 
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P  pneumatic  motor  inlei  pressure,  psi 


R^  gas  constant  .  In/  h 

T  gae  temperature,  °R 

w  -•  gas  weight  flow,  lb/  c 


The  equivalent  leakage  area  was  calculated  by  substituting  test 
data^  into  equation  (4-20).  For  example, 


35.4 

3600 


18r  1000  n  V  185 

-  -  x  3.2  x - -*  0.096  A,  - 

9270  x  500  60  L 


too 


A 


L 


0.  011  in 


2 


The  calculated  values  of  Aj  using  other  test  points  were  approxi¬ 
mately  the  same,  even  using  heavier  gases  such  as  nitrogen.  For  constant  tempera¬ 
ture  operation,  the  best  improvement  that  could  be  expected  is  a  10  to  50  percent 
reduction  In  leakage. 

Seiectir  r  a  200:1  transmission  ratio,  the  required  differential 

p-essure  is; 


P 


2  rT 

m 


*T 


v 


m 


D 

m 


2  it  x  350  x  12 _ 

0.65  x  0.  66  x  3.2  x  200 


56  psi 


where  n  and  »j  are  transmission  and  motor  efficiencies. 

T  m 

Assuming  a  back  pressure  of  19  psia,  the  motor  inlet  pressure 
will  be  75  psi  at  maximum  torque.  The  peak  flow  rate.  at  stall  is  then: 


c  pi 


0.367  x  0.011  x  75 


W 


1 


yj  53  C 


0.0132  tb/see 


The  minimum  leakage  flow  is  47  percent  of  the  leakage  at  maxi¬ 
mum  stall  torque  due  to  valve  leakage.  Thus,  the  average  flow  at  stall  is: 


(4-Ibid.  See  Reference  No.  3,  Appendix  D 


36 


!  hr  Hf-risr,.!  !  r  <.,j,  -  -  ■  •  .  1 1>.  >  .•  p»k«  s>*  n'qf-ireu.  nts.  .  ne  peak 

motor  Bp.  :.*<!  is- 

1.67  rprn  x  200  334  rpm  or  6.66  rp8 

The  motor  inlet  pressure  at  maximum  epeed  will  be  approxi- 
mately  50  percent  of  the  inlet  pressure  at  maximum  stall  torque;  thus 

P  =  0.5  x  60  +  15  =  45  psia 

The  flow  rate  due  to  motor  displacement  is  then: 

P 

w  -  ———  D  N  rrr.  *  3.2  x  5.  56  2.30  x  10  }  Ib/sec 

2  R  T  m  m  662  x  530 
o 

The  average  value  is 

w  =  2.30  x  1Q~4  (0.01  x  1  +  0.3  x  0.5  +  0.69  x  0.25)  =  7.7  x  10"5  Ib/sec 
2  avg  v 

The  minimum  leakage  flow  is  47  percent  of  the  leakage  flow  at 
maximum  stall  torque.  Thus,  the  leakage,  when  running  at  no  load,  is: 

w  •=  0.47  x  0.0132  -=  0. 0u62  lb/sec 

O 

The  total  average  flow  at  no  load  is  then  the  sum  of  w„  and  w  „  . 

2  avg  3 

w  +  w  -  0.000077  4  0.006  2  0. 0063  Ib/sec 

2  avg  3 

which  is  less  than  stall  torque  flow  rates 

The  total  flow  per  CMC  is.- 

w  ■  w„  f  w-  +  w„ 

1  avg  2  avg  3  avg 

w  -  0.0102  t  0.0063 

w  -  0. 0165  Ib/sec 

For  3  CMGs,  the  total  flow  rate  la: 

w  -  3w  3(0.0165)  -  0.0495  Ib/sec 
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1. 55  x  10^  lb/year 

The  above  flow  rate  would  eliminate  the  uae  of  a  non-circulating 
system  with  the  long  mission  requirement  since  tho  weight  of  the  gas  alone  would  be 
exeoosive. 


The  gear  actuator  and  DYN  A  VECTOR  actuator  have  about  the 
same  efficiency;  therefore,  the  pneumatic  power  supply  requirement  would  be  the  same. 
However,  the  vane  actuator  leakage  is  about  46  percent  of  the  gear  actuator  leakage. 
Since  the  leakage  is  a  very  significant  part  of  the  flow,  the  pneumatic  power  supply 
weight  for  the  vane  actuator  would  be  46  percent  of  that  for  tie  gear  and  DYNAVECTOR 
actuators.  Since  there  is  no  significant  difference  between  various  types  of  pneumatic 
actuators,  there  Is  no  justification  for  further  detailed  study  of  pneumatic  actuators 
for  this  application. 


Table  VII  Illustrates  the  estimated  weight  and  volurie  require 
menta  for  a  single  oontrol  moment  gyroscope  as  a  function  of  the  CMG  size. 


TABLE  VII 

WEIGHT  AND  VOLUME  REQUIREMENTS  OF  TWO  PNEUMATIC  ACTUATORS 


CMG  Sice  (ft-lb-sec) 

200 

500 

B 

1500 

2000 

Motor  Weight  (lbs) 

MEM 

0.50 

0.95 

1.40 

1.90 

Transmission  Weight  (lbs) 

ES 

8.00 

11.10 

14.20 

17.40 

Servovalve  Weight  (Iba) 

0.50 

0.60 

0.70 

0.80 

0.90 

Total  Actuator  Weight  (lbs) 

6.63 

9.10 

12.75 

16.40 

20.20 

Total  Actuator  Volume  (In*) 

168 

212 

268 

322 

380 

4. 3. 3. 2  Pneumatic  Power  Supplies 

To  determine  the  electrical  power  requirements,  the  following 

procedure  is  used: 


In  a  recirculating  system,  the  required  compressor  must  be 
sized  to  Bupply  the  average  flow  requirement.  The  average  flow  rate  is  0. 0495  lb/sec, 
and  the  peak  flow  rate  la  0. 0585  lb/sec.  A  storage  tank  must  be  used  to  supply  the 
additional  flow  when  operating  at  higher  than  average  flow  rates  and  to  provide  the 
leakago  flow  that  escapes  into  the  shroud. 
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i.'' 


L  778  C  1 
t '  P 


F  \  0. 


»  * 


E  -  778  x  0.24  x  530 
P 


f/  V  0.286 

U~1  -  1  (0.0495)  3.50M  ft-lb/sec 


For  estimation  purposes,  the  compressor  efficiency  was  deter¬ 
mined  from  test  data  for  the  Gast  Model  0211  compressor.  ^  This  compressor  de¬ 
livers  0.  5  scfm  of  air  at  10  psig  with  a  1/6  horsepower  motor.  The  weight  flow  fcr 
the  compressor  is  6.4  x  10-<*  lb/sec. 

The  power  for  compression  to  10  psig  (25  psia)  is: 


E  ■=  778  C„  T 
*  P 


fir 


778  x  0.24  X  530 


0.286 


-  1  I  (0. 90064) 


10. 0  ft-lb/sec  -  0. 018  HP 


The  compressor  efficiency  is  then: 


*  output  horsepower  _  0,  018 

c  input  horsepower  0. 167 


0.107 


The  electric  motor  efficiency  is  approximately  0.6.  Thus,  the  input  electrical  pc 
required  is: 


3,  500 

0.107  x  0.6 


ft-lb/sec  x  1.356  watt-sec/ft-lb  =  74,000  watts 


Higher  compression  efficiency  can  be  obtained  by  using  ad  le 
acting  piston  type  compressor  with  cooling;  however,  the  compressor  weight  wou  •« 


"Gast  Rotary  Vacuum  Pumps"  Catalog 
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considerably  heavier.  Assuming  an  SO  percent  compressor  efficiency,  the  electrical 
input  power  would  be: 


74. 000  x 


0. 107 
0.S0 


9.  900  waits 


Since  these  power  requirements  are  unreasonable  no  further 
efforts  were  applied  to  pneumatic  actuators. 

4. 3. 4  Qualitative  Actuator  Comparison 

Major  limitations  of  the  many  systems  considered  limit  the  number  of 
systems  that  require  further  detailed  comparison. 

AC  servomotors  were  found  to  have  frequency  response  characteristics 
below  5  cps  without  transmissions,  and  the  transmissions  required  for  the  AC  servo 
systems  have  excessively  high  gear  ratios.  These  two  factors  limit  their  suitability. 

Stepping  motors  showed  weight  and  size  disadvantages  when  compared 
with  DC  torquer  systems.  A  disadvantage  common  to  both  AC  servomotors  and  step¬ 
ping  motors  is  that  variable  frequency  inputs  are  required  for  good  linearity  between 
rate  command  and  rate  output. 

The  RESPON3YN  actuator  has  some  potential  advantage  compared  with 
DC  torquer  systems  for  the  large  CMC  units.  The  particular  areas  of  advantage  are 
weight  and  size.  However,  additional  electronic  equipment  is  required  to  produce  the 
high-speed  rotating  magnetic  field  for  its  drive  motor.  The  large  number  of  additional 
electronic  components  required  for  EHD  systems  would  tend  to  lower  overall  actuator 
reliability.  Further,  the  unit  is  at  best  "near  state-of-the-art"  and  requires  further 
development  in  physical  size  and  weight  and  commutation  electronics  development. 
Nevertheless,  this  unit  should  not  be  eliminated  from  possible  future  application. 

The  results  shown  u>r  pneumatic  systems  from  the  standpoint  of  total 
power  consumption  (a  minimum  of  100  times  greater  than  the  equivalent  electric  sys¬ 
tems)  indicates  that  no  further  consideration  is  required. 

More  detailed  comparisons  ax*e  now  limited  to  the  following  five  major 

categories: 

(1)  DC  torquer  systems 

(2)  DC  brushless  torquer  systems 

(3)  Electric  DYNA VECTOR  systems 

(4)  Conventional  hydraulic  systems 

(5)  Hydraulic  DYNAVECTOR  Systems 
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in  figure  13  the  average  power  required  per  CMC  for  three  basic  systems 
is  giver  as  a  function  of  CMC.  size.  The  power  for  DC  brushless  torquer  systems  Is 
assumed  to  be  similar  to  DC  torquer  systems,  and  the  power  for  hydraulic  DYNA- 
VECTOR  systems  is  assumed  to  be  similar  to  conventional  hydraulic  systems. 


CMS  KJB  (?7-L»-i*Ci 

Figure  13.  Optimum  Actuator  Systems  -  Power  Consumption  Comparison 

Figure  14  shews  the  weight  comparisons  of  the  three  basic  actuators  of 
figure  13  with  the  addition  of  the  electric  DYjNA  VECTOR. 

Figure  13  shows  definite  power  advantages  for  DC  torquer  systems,  and 
figure  14  shows  that  electric  and  hydraulic  DYNAVECTOR  actuators  have  a  weight  ad¬ 
vantage  for  the  larger  CMC  sizes. 

4.4  Preliminary  Conclusions 

The  broad  preliminary  study  indicates  significant  disadvantages  in  the  use  of 
fluid  systems  for  long  mission  requirements.  The  disadvantages  of  fluid  systems  can 
be  traced  directly  to  the  efficiency  i  converting  electric  power  to  fluid  power,  poor 
efficiency  due  to  leakage  flows,  especially  for  pneumatic  systems,  and  the  require¬ 
ment  of  slip  rings  for  furnishing  fluid  power  to  the  inner  gimbal. 

As  a  consequence  of  this  broad  preliminary  study,  further  intensive  study  was 
restricted  to  DC  electric  actuators.  Secondly,  brushless  systems  (Brushless  DC 


CMC  312*  (FT -LB  -SEC) 


Figure  14.  Actuator  Weight  Comparison 


Torquers,  Electric  DYNAVECTORS  and  Electromechanical  Harmonic  Drives)  cur¬ 
rently  axe,  at  best,  near  the  state-of-the-art  because  of  complexities  involved  in  high¬ 
speed  electronic  switching  of  inductive  loads;  therefore  it  is  advisable  to  qualify  any 
detailed  study  of  these  types  to  potential  future  applications.  Also,  this  initial  study 
phase  indicated  a  scarcity  of  data  on  various  transmission  types  for  optimal  use  in  the 
control  moment  gyroscope. 

No  cons!  legation  was  given  to  the  application  of  clutch-brake  mechanisms 
for  gimbai  locking  purposes,  since  it  is  anticipated  that  caging  pins  will  be  available 
for  static  locks  and  simultaneous  torque  and  speed  commands  will  be  applied  to  both 
gimbals  of  a  control  moment  gyroscope  as  required. 


SECT  ION  V 


TRANSMISSION  STUDIES 


The  initial  phase  of  this  study  indicated  the  scarcity  of  generalized  transmission 
data  and  the  need  for  optimization  of  transmission  types  for  CMC  application.  The 
parametric  information  required  included  range  of  ratios  available,  stall  torque  capa¬ 
bility,  size,  weight,  inertia,  friction  and  nominal  backlash. 

To  overcome  this  lack  of  data,  a  generalized  study  of  transmissions,  applicable 
to  the  CMC.  was  conducted.  The  transmission  types  considered  included  the  following: 

Spur  Gears 

Simple  Planetary 

Compound  Planetary 


Ep  icy  die 


Harmonic  Drive 

Design  calculations,  schematics  and  outu.  e  sketches  we  *e  made  for  transmis¬ 
sions  where  catalog  data  was  not  available.  The  weights  and  volumes  calculated  are 
for  the  gears,  shafts,  and  bearings  and  do  not  include  any  of  the  supporting  structure. 
Bearing  sizes  were  taken  from  bearing  catalogs. 

5.1  HERTZ  STRESS 


The  Hertz  stress  is  generally  considered  tv'  be  a  measure  of  the  surface  endur¬ 
ance  of  the  gearing  materials,  and  therefore  is  one  of  the  factors  determining  the  life 
capabilities  of  a  set  of  gears.  The  gear  and  pinion  sizes  in  the  output  mesh  of  the  spur 
and  planetary  transmission  types  were  selected  to  permit  a  maximum  operating  Hertz 
stress  of  100, 000  psi  at  maximum  output  torque.  This  criteria  ins-  *es  that  the  trans¬ 
missions  will  meet  the  operational  life  requirements  when  submitted  to  the  specified 
CMC  load  profile. 

According  to  Buckingham^,  the  standard  expression  for  Hertz  stress  in  exter¬ 
nal  tooth  gears  is  given  by 


1 . 4  F 

d 

D  f  Q  sin  <t> 

"  1  1  * 

p 

E  F 

L  1  2  J 

(5-1) 


(6) 


See  Reference  No, 


5,  Appendix  D 
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E  = 


J_  J_ 

Ei +  *» 


El+  E2 


Assuming  the  urn  of  steel  material  for  the  gears,  S  *=  Eo1;  then. 

J.  #-> 


i-3> 


*“*  1  g 

E  =  =  14.5  x  13  psi 

2 


(5-4) 


For  20-degree  pressure  angle  gearing, 

sic  $  =  0.  342  (5-5) 

The  total  maximum  instantaneous  load  on  the  teeth  (the*  dynamic  load)  Is-, 


F ,  =  F  +  F  =  F  + 

d  t  1  t 


0,  35  y,  (C  f  +  F ,}  (7) 

1  fc 


(5-0) 


0, 05  V  +  V  c  f  +  Ff 

JU  V 


’Ince  the  output  velocities  are  very  low  under  all  modes  ot  ope  ration  the  Fj  load  can 
be  neglected  and,  therefore,  the  tangential  load  required  for  power  transrai»«ilvn  will 
be  considered  to  be  the  dynamic  load.  That  is. 


F  r:  V 

'd  t 


(6-7) 


Substituting  equations  (5-2)  through  (5-5)  and  (5-7)  into  equation  (5-1)  and  simpli¬ 


fying, 


2  7  Ft  ** 

S  -  1.48  x  10  -r 


_1 

r  r 
G  p  J 


(p8i) 


(5-0) 


The  tooth  contact  stress  (Herts)  is  very  low  for  internal  gear  drives  such  as  the 
epicyclic  transmission.  The  strew  is  especially  low  for  teeth  having  nearly  the  same 


(7) 
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See  Reference  No.  6 ,  Appendix  D 


base  circle.  According  to  Buckingham^,  the  Hertz  stress  between  interna!  and  exter¬ 
nal  20-degree  pressure  angle  steel  gear  teeth  is  given  by 


v 

S  " 
c 


1.48  x  10 


7  Flf  rG 


T  1 
P 


f  j  r  x  r 
g  P 


<pst)‘ 


(5-9) 


It  is  apparent  that  the  radii  of  curvature  (r^  and  rp)  are  nearly  equal  in  epicyclic 
transmissions  aM  the  Hertz  stress  will  be  low.  The  result  is  that  the  beam  (Lewis) 
stress,  Sjj,  becomes  the  tooth  strength  criteria  for  the  epicyclic  transmission. 

The  derivation  of  equation  (5-9)  is  similar  to  the  procedure  used  in  deriving 
equation  (5-8),  which  is  applicable  to  external  tooth  gearing.  The  only  difference  oc¬ 
curring  between  the  two  is  that  the  value  of  Q  in  equation  (5-2)  is  replaced  by 


Q 


2  N 


N 


N 


(5-10) 


Detailed  design  data  for  the  harmonic  drive  transmission  is  not  available  and, 
therefore ,  an  assumption  was  made  that  an  adequate  safety  margin  (gear  material 
yield  strength  ver  sus  stress  level)  con1  >e  provided  by  the  manufacturer. 

5.2  TYPES  AND  PARAMETERS 


5,2.1  Spur  Gear 

A  typical  spur  gear  transmission  schematic  is  shown  in  figure  15.  The 
equations  used  for  sizing  these  transmission  are  as  fallows: 

The  force  acting  on  the  gear  teeth  in  the  output  mesh  is  given  by 

T 


(5-ID 


The  expression  for  Hertz  stress  is  given  by  [Reference,  equation  (5-8)] 


1.48  x  10 


7  Ft 


r  rr- 

.  p  G 


(5-12) 


An  additional  constraint  was  that  the  ratio  of  circular  pitch  to  face  width 
should  not  be  less  than  0.  25.  The  purpose  is  to  insure  uniform  contact  over  the  total 


See  Reference  No,  5,  Appendix  I) 
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face  width.  The  sizes  of  the  other  gears  and  pinions  were  determined  by  the  following 
equation: 


°Pl  _  *1  .  .1/3  fDG2  DG3]  1/3 

%  V <!"3  'lv  v! 


(5-13) 


°P3  f3 


D„„l  1/3 


■f03' 

K. 


These  equations  are  empirical  relationship*1  that  tend  to  minimize  inertia,  ^ 

The  weight  and  volume  calculations  for  the  64:1,  350  ft-lb  spur  gear 
transmission  are  shown  as  a  sample  of  the  method  used.  The  nomenclature  for  this 
calculation  is  shown  in  figure  15. 

The  equation  for  weight  calculation  is: 


W  =  w 


(5-14) 


“  [fl  (Dgl  *  DG1.) 


t  K  t  D  + 
gl  1  Gli 


Kpl  fl  Dpl  f  f2  (DG2  ~  DG2i) 


2  9 

+  K  tt)  +  f  D  +  f 
g2  2  G2i  2  p2  3 


(DJ  -  DC312) 


KgJ  S  °G3i 


4-  K  f  D2,,  +  L  I)2  +  L.  02o  4  L  I)2.  +  L.  D2, 

d3  3  p3  1  si  2  s2  3  s3  4  s** 


2  2 

+  L  D  t  L.  D,  4  bea*  mg  weights 
a  a  o  b 


where 


v.  material  specific  weight,  lb/ in3 

K  -  density  ratio  (gear)  of  1st  mesh 
Kl 


?See  Reference  No.  7,  Appendix  D 


Figure  15.  Spur  Goar  Transmission  Schematic  —  350  ft -lb.  64:1  Ratio 


Kpg  -  density  ratio  (pinion)  of  2nd  mesh 
Substituting  numerical  values 

w  =  f  x  0.20  [l.61  (9 2  -  8.252)  +  0.5  x  0.25  x  8.252  +  0.7  x  1.61  x  2.252 

+  1.01  (5.682  -  5.282)  -  0.5  x  0.24  x  5.282  -  1.01  x  1.422 

+  0.84  (3.6Z  -  3,22)  +  0.5  x  0,156  x  3.22  f  0.64  x  0.92 

4  3.75  x  0.  7872  4-  2.0  x  0.4722  +  1.75  x  0.3942  +  1.88  x  0. 3942 
4-  0.562  x  0.9382  4-  0.438  x  0.6252  +  0.375  v  0.6252  !  =  12.0  1b 


The  total  bearing  weight  is  0.6  pound  and  the  total  transmission  weight  is 

12.6  pounds. 


The  configuration  used  for  the  sample  minimum  volume  calculation  and 
nomenclature  is  shown  in  figure  16.  The  volume  is 

V  ’  T  x  f  x  daZ  x  'a  *  4  <da  *  db)xhaxlb 

V  =  3.75  x  i  x  -  X  9.30^  =  5  x  (9.30  f  8.05)  x  8.38  492  In2 

The  results  of  the  remaining  spur  "ear  transmission  weight  and  volume 
calculations  are  shown  in  figures  17  anti  18. 

5.2.2  Simple  Planetary 

The  simple  planetary  transmission  configuration  under  consideration  has 
three  planet  gears.  The  ring  gear  is  grounded,  the  planet  carrier  is  the  output  mem¬ 
ber,  and  the  sun  gear  serves  as  the  Input  member.  The  design  equations  used  are 
from  (5-15)  to  (5-29). 

1  he  tran amis s  ion  ratio  is  given  by 


R. 


1  * 


D 

i 

D 


1  4- 


1  4- 


N 

_ l 

N 


(5-15) 
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Figure  18.  Spur  Gear  Transmission  Volume  Versus  Overall  Ratio 

The  force  acting  on  the  pinion  (planet)  center  is 

T 

F  = 
p  An 

The  force,  on  the  sun  and  ring  gear  teeth  is  given  by 


The  carrier  torque  arm  length  is 


r  r 


i-iflr.  ,1.2a. 

r.  2lr.  J  2 


Substituting  equation  (5-19)  into  equation  (5-18), 


re  RG 


The  expression  for  Hertz  stress  Is  £from  equations  (5-12)  and  (5-1 

sc  =  *'48 1 10?  T*[r  *  r] 


For  an  allowable  Hertz  stress  level  of  100, 000  ptsi 


^ = 149  *  i°'3  [* 4  y 

which  £by  substituting  equation  (5-19)  J  becomes: 


£  -  X.4»  x  .O’3 
0 


Using  equations  (5-16),  (5-17)  and  (5-20) 


To  T0  f  2  ~1 

Fs  ~  2  An  2n  |.rs  RG  J 


F  =  - - 

’  nr.Ro 


Substituting  equation  (5-23)  into  equation  (5-22) 


r  f  »  1.48  x  10 
8 


kiN 
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Optimization  of  gear  faoe  width  was  based  on  the  derivation  of  a  geomet¬ 
ric  relationship  utilizing  a  prior  simple  planetary  design.  This  design  was  optimized 
or-  the  basis  of  minimizing  gear  weight  and  Inertia  by  minimizing  the  diameters  while 
maximizing  the  face  width-to-diameter  ratio  and  maintaining  uniform  tooth  contact. 
Beam  strength  and  precision  of  the  gears  were  also  considered  in  the  design.  This 
geometric  ratio  is 


f  '  <°'84>  0^2  ’  2-89r.  P'25* 

This  ratio  is  high  for  rigidly  mounted  gears.  Therefore,  the  sun  gear  should  not  be 
tightly  restrained  but,  rather,  be  permitted  to  bear  on  the  three  planet  gears  simul¬ 
taneously. 


The  existing  planetary  design  has  a  ratio  of  7. 5:1,  a  stall  torque  capa¬ 
bility  of  1000  inch-pounds,  a  weight  of  4. 7  pounds,  a  volume  of  35  in3  and  a  sun  gear 
pitch  radius  of  0.32  inch.  The  remaining  scaling  factors  wore  determined  as  exhibited 
below. 


gears , 


Substituting  equation  (5-25)  into  equation  (5-24)  and  using  three  planetary 


r3  ^  1.71  x  10“4  - — ™r  (5-26) 

s  R  -  2  '  ' 

o 

Rearranging  equation  (5-19), 

rr  ~  rs  "  X)  in-  (5_27) 

The  expression  for  transmission  weight  is 

W  K2rr2f  K3rorr2  lb  <5-28> 


Thu  expression  for  volume  is 

V  K  VV  in3 
4 


(5-29) 
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Using  the  model  transmission, 

rfl3  =  1. 71  x  Kf4  32. 7  x  10~3  in3  j^from  equation  (5-26) 

r  =  0.32  in. 

D 

rr  =  0.32  ^7. 5  -  1  j  *  2. 08  in.  £  from  equation  (6-27)] 

W 
4.7 

K3 
V 
35 

K4 

SUMMARY 

Given  steel  gears,  a  maximum  allowable  stall  torque  and  a  required  ratio,  the 
simple  planetary  transmission  weight  and  volumes  for  the  CMG  can  be  computed  using 
the  following  data: 

Kt  =  2.89 

K3  =  3.4  lb/in3 

K.  =  7.45  in3/lb 
4 

n  =  3  planet  gears 
rf  =  1.71  xW-4]^-^]  to3 

rr  =  '.("o  *  1>ln- 


=  '  4.7  lb 


=  Kg  (0. 32)  (2. 08)2  £from  equation  (5-28)J 


=  3.4  lb/in 


3 


=  35  in 


-  K4(4.7)[ 


from  equation 


(5-29)] 


=  7.45  in /lb 
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W  =  3,4r  r“  lb 
8  r 


V  «  7.45  Win3 


results  o &  the  weight  and  volume  computations  are  shown  in  figure  19,  The 
outline  drawing  is  shown  in  figure  20. 

5.2-3  Compound  Planetary 

Typical  competed  planetary  transmissions  of  the  configuration  selected 
for  analysis  are  shown  in  figures  21,  22,  sad  23.  The  weight  and  volume  curves  are 
shown  in  figure  24.  Figure  23  illustrates  the  nomenclature  used. 


Figure  19.  Simple  Planetary  Transmission  Weight  and  Volume  Versus  Overall  Ratio 
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fl  ft*  c 


Rise  -;SA» 


Fijnure  22.  .Schematic  —  Compound  Planetary  Transmission  — 

350  ft  -ih,  88:1  Ratio 


tl.S  FT  i.8,  56:1  RATIO  15  FT- LB.  88-.»  RA  TIO 

&*0U no*e> 


*  MM  I  MUktfCT 
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Figure  23.  Scho  matte  —  Compound  Planetary  'Transmission 


Figure  24.  Compound  Planetary  Trans  mission  Weight  and  Volume 

Versus  Output  Torque 

The  transmission  ratio  Is  given  by 

c  <10> 

R  -ill 

rg  ce 

1  “  DG 

The  force  on  the  teeth  of  the  output  gear  (E)  Is 


See  Reference  No.  8,  Appendix  D 


*•  &0$y  * 


From  figure  23, 


O  -  2A  +  E 


so  that 


Three  planets  (n  =  3)  are  used  in  this  study. 


(5-31) 


Taking  a  free  body  diagram  of  the  compound  planet  gear  and  applying 
moment  balance,  the  force  on  the  teeth  of  the  grounded  ring  gear  Is 


The  expression  for  Hertz  stress 


£from  equation  (5-8)J 


is 


c 


(5-32) 


(5-33) 


The  procedure  used  for  sizing  the  compound  planetary  transmissions  was 
a  convergently  iterative  method.  Given  the  required  maximum  output  torque  and  the 
required  transmission  ratio,  pitch  diameters  B  through  E  were  selected.  The  diame¬ 
tral  pitch  was  held  constant  throughout  a  solution.  Using  equation  (5-31),  the  load  on 
the  output  teeth  was  determined.  The  required  face  width  of  the  output  mesh  was  de¬ 
termined  using  equation  (5-33)  and  a  maximum  allowable  Hertz  stress  of  100, 000  psi. 
The  load  on  the  grounded  ring  gear  teeth  was  determined  iBing  equation  (5-32).  The 
minimum  face  width  of  the  gears  was  then  calculated  using  the  following: 

■■  ■  -.ft] 

Another  constraint  utilized  was 

*2 

1.25<-|<1.50 
B 

Soveral  iterations  wore  required  for  each  mesh  before  a  usable  solution  was  obtained. 

The  weight  and  volume  calculations  for  an  88:1,  350  ft -lb  compound 
planetary  transmission  are  shown  as  a  sample  of  the  method  used.  The  configuration 
is  shown  in  figure  22  and  the  nomenclature  in  figure  23. 


(5-34) 


(5-35) 
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The  transmission  weight  is  calculated  with  the  equation 


W  - 


(5-36) 


Substituting  the  numerical  values: 

Input  coupling 

Wl  =  |  (0.29)  (0.8752  -  0.6052)  x  1.5  ■  0.14  1b 
Sun  Gear  and  Input  Shaft 

W2  =  4  <0,29)  C0*60®2  “  °*25°2)  *  i*875  “  °-13  lb 

Planet  Carrier 

W3  “  4  [(°-28)  (1- 188^  -  1. 002)  x  0. 5  +  (2.252  -  I.  002)  x  0.188  +  2.25  x  0.188 

9  2 

+  0.472  x  0.812  +  6  X  0.875  X  0.594  x  0.188  +  6  x  0.5  x  0.875  x  0.188 

-  G  x  0.52  x  0.188  +  3  (0.4722  -  0.  2502)  X  2.43s] 

W  =  0.  92  lb 

Planets 

W4  =  I  £(0.29)  x  3  (2.722  -  2.0622)  x  0.312  +  (1.4062  -  1. 1252)  x  0.312 

+  (2.722  -  0.9382)  x  0.156  +  (2.  722  -  1.5622)  x  0.405 
+  (1.9382  -  1.5822)  x  0.125  +  (2. 162  -  1.  5622)  x  0.534 

+  (2.162  -  0.9382)  x  0.125  +  (2. 162  -  1. 1252)  x  O.3I2] 

W,  =  4.87  lb 
4 
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1 . . BtiMMi  ,uuti«um'Ul!gJ,WmLn»’:.^:re.W«g||^ 


Output  Ring  Gear 


W#  »  |  (0.29)  [(6,252  -  S.52)  x  1.281  +  (8.252  -  1.0942)  x  0.188 

+  (1.62  -  1.0942)  x  0.5  +  (1.52  -  0.9382)  x  0.312 
+  (1.52  -  0.252)  x  0.25  (0.752  -  0.252)  x  1.00 


-  4  x  1. 5  x  0 


.188] 


Wg  -  4.37  lb 


Bearings  Plus  Spacers 


W?  =  |  (0.29)  (0.85)  [(2.2192  -  1.1882)  x  0.?76 

+  8  (1.1252  -  0.4722)  x  0.312  +  (1.8752  -  1.52)  X  1 
+  (2.2192  -  1. 1882)  X  0.094  +  6  (0.752  -  0. 4722)  (0. 062) 

+  (1.8762  -  1.52)  (0.078)  +  (1.1252  -  0.9382)  x  0.125)] 
The  weight  of  the  bearings  and  spacers  is 


W?  =  1. 13  lb 


The  total  transmission  weight  Is  then 


W„,  =  V  W  =13.5 

T  L~i  n 


The  volume  Is  given  by 


!£  ^ 


-  f  b  *  °- 


8752  +  0.5  x  2.192  +  0.25  x  4. 1882 


+  0.935  x  6.802  +  1.562  x  6.252  +  1.094  x  1.8752 
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+  1.00  x  0.752  J 

V  =  118  in3 

A  sun  gear  Input  was  used  In  the  design  analysis  o'  compound  planetary 
transmissions.  The  result  is  that  a  lower  level  of  transmission  inertia  is  reflected 
back  to  the  motor  drive  shaft  than  that  obtained  by  using  a  planet  carrier  input.  An¬ 
other  advantage  obtained  from  this  type  of  design  is  that  a  larger  transmission  ratio 
can  be  obtained  from  the  same  package  size. 

Only  58:1  and  88:1  compound  transmissions  have  been  selected  for  analy¬ 
sis.  Additional  ratios  would  require  either  computer  solutions  or  laborious  hand  cal¬ 
culations  for  determining  the  required  parameters  because  of  the  design  analysis 
complexity.  These  extended  efforts  would  not  conform  to  the  scope  of  the  study  re¬ 
quirements.  However,  the  selected  ratios  yield  exoellent  results  for  transmission 
type  comparison  purposes. 

5. 2. 4  External  Epicycllc 

The  epicyclic  transmission  sizing  was  based  on  data  from  the  Bendlx 
DYNA VECTOR  Program. 

The  Hertz  stress  in  the  teeth  of  an  epicycllc  transmission  is  very  low 
since  an  external  tooth-internal  tooth  configuration  is  utilized  and  the  pitch  radii  of  the 
pairs  of  gears  in  mesh  are  very  nearly  equal.  This  is  illustrated  by  equation  (5-9). 

The  limiting  load  factor  for  epicyclic  transmission  teeth  is  the  flexural 
endurance  (more  commonly  known  as  the  Beam  or  Lewis  stress).  For  a  steel  gear 
having  a  Brlnell  hardness  number  of  240,  the  flexural  endurance  limit  is^11^; 

^  =  60,  000  psi  (11) 


The  output  torque  is  related  to  tooth  loads  by 


T 

o 


D  F.  N 
P  t 

4 


(5-38) 


An  assumption  made  for  equation  (5-38)  is  that  the  load  will  vary  linearly  between 
maximum  and  minimum  loaded  teeth. 


(11) 


Ibid,  See  Reference  No.  6,  page  327,  Appendix  D 
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The  Lewis  stress  equation  is 
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generator  and  flex  spline.  The  transmission  sizes  listed  in  the  catalog  are  not  the 
same  as  the  required  sizes .  and  the  tabulated  data  does  not  include  hearings  and  .shafts. 
Therefore,  it  was  necessary  to  extrapolate  tha  tabulated  data  to  obtain  the  required  in- 
formation.  The  following  equations  were  used  fo  this  purpose: 


Weight 


required  torque 
tabulated  torque 


x  1.  5  x  tabulated  weight 


Volume 


required  torque 
tabulated  torque 


1.2  x  calculated  volume 

of  listed  transmissions 


Table  VIE  illustrates  the  harmonic  drive  sizes  used  in  the  computations. 
The  weight  and  volume  curves  are  shown  in  figure  27, 


TABLE  VTII 

APPLICABLE  HARMONIC  DRIVE  TRANSMISSION  SIZE  NUMBERS 
VERSUS  STALL  TORQUE  AND  GEAR  RATIO 


Commonly  available  harmonic  drive  transmissions  have  a  lower  limit  of 
about  80;  1.  Special  transmissions  have  been  built  with  ratios  as  low  as  approximately 
50:1,  Howevet ,  parametric  data  for  these  units  were  not  made  available  by  the  manu¬ 
facturer  during  the  course  of  this  evaluation,  and  therefore  are  not  included. 

5.3  BACKLASH 

Backlash  is  tte  amount  by  which  the  width  of  a  tooth  space  exceeds  the  thickness 
of  the  engaging  tooth  on  the  pitch  circles.  It  is  usually  the  angular  error  resulting 
from  the  backlash  that  is  of  interest  in  servo  systems.  The  baeMash  of  a  single  mesh 
spur  gear  set  is  converted  to  angular  error  by  the  following  equation: 


(5-44) 


„  B  X  360  x  60 

E  - - - - 

B  r  x  D 

P 

B  -  backlash  between  mating  teeth.  Inches 
Dp  =  pitch  diameter  of  driven  gear,  Inches 

E  =  angular  error,  minutes  <rf  arc 

13 

The  steps  In  calculating  the  backlash  error  for  a  complete  transmission  are: 

(1)  Calculate  the  Individual  errors  for  each  pass  in  the  gear  train. 

(2)  Reflect  all  individual  mesh  errors  from  their  source  to  the  output  shaft.  For 
spur  gears,  multiply  the  source  error  by  the  gear  ratio  between  the  source 
shaft  and  the  output  shaft. 

(3)  Add  all  Individual  mesh  errors  to  result  in  the  total  error. 


0  SO  100  150  no  ISO 

RATIO 


Figure  27.  Harmonic  Drive  Weight  and  Volume  Versus  Overall  Ratio 
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High  precision  gears  are  used  to  this  analysis.  Backlash  can  be  further  mini- 
seized  fey  using  anti-backlash  methods  aad  devices  and  by  loading  the  gears  to  provide 
a  tighter  mesh.  The  high  precision  gears  are  more  expensive;  however,  their  use  is 
Justified  in  the  CMG  application,  Anti-backlash  gears  have  a  high  wear  factor  if  run 
too  fast.  A  tight  mesh  may  result  in  increased  pcwer  losses,  overheating,  rupture  of 
lubricant  film,  overloading  bearing®,  and  prematui '  gear  failure.  The  final  design 
approach  car.  be  determined  only  after  completion  of  the  overall  servo  analysis  for  the 
complete  system  application.  The  particular  tradeoff  desired  is  the  maximum  toler¬ 
able  backlash  level  in  the  servo  loop  versus  the  complexity  in  design  of  the  transmis- 


Exampk-3  are  presented  tor  each  type  of  transmission  considered  to  illustrate  the 
method  used  for  backlash  calculations.  AGMA  Quality  Number  11  or  12  gears  were  se¬ 
lected  for  the  sample  alculations. 

5.3.1  Spur  Gears 

The  125:1  transmission  with  350  ft -lb  output  „  rque  was  selected  for  tL_ 
example  calculation.  The  runout  tolerances  were  taken  from  pages  3  and  4  of  the 
AGMA  Gear  Classification  Manual, 

Output  Mesh 

Gear  pitch  diameter  (D_  )  =  10  inches 

Cal 

Piaicsi  pitch  diameter  {DA  -  2  inches 

pi 

Runout  of  gear  ($  =  0.  00073  inch 

Runout  of  pinion  (e  j)  -  0. 00057  inch 

Change  in  center  distance  (AC^)  =  *  +  =  0.0013  inch 

The  backlash  of  mesh  1  is  derived  through  equation  (5-45) 

E_,  =  x---tan  ^  x  360  x  60 

B1  D~,  v 


^*^Sfce  Reference  No.  10,  Appendix  D 
^14^See  Reference  No.  11,  Appendix  D 
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Vs* 


AC 

=  5000  — -  =  5000  x  0. 0013 

DG1  10 

-  0, r  j  Milmite  of  arc 


Second  Mesh 
5.  84  inches 

1. 17  inches 


e  --  0. 0007  inch 

g2 

e  _  =  0, 00054  inch 
p2 

AC„  0.  °0124  inch 

2 

The  backlash  of  mesh  2,  reflected  to  the  output  shaft,  is 


5000 


=  5000  x  = 

5.  34  x  5 


0.  21  minute  of  arc 


Input  Mesh 


D  „  3,42  inches 

Vic) 


I)  ,  =  0.68  inch 

pj 


e  _  0.  0OO6I  inch 

K-> 


e  „  0.  0005  inch 

p3 


AC  0,00111  inch 


(5-45) 


(5-46) 


69 


WV’Sv  rfi 


■'  *&?  ' 


®  5000 


1 


«*  6000  x 


0. 00111 

3.42  x  25 


0. 07  minute  of  arc 


<5-47) 


The  total  backlash  is  then 

E_  =  J3-,  +  E_  +  E  -  0. 93  minute  of  arc  (5-48) 

B  B1  B2  BS 

5.3.2  Simple  Planetary  Transmission 

The  simple  planetary  transmission  selected  for  the  sample  calculation 
has  a  ratio  of  7:5  and  an  output  torque  of  350  ft -lb.  The  parameters  of  Interest  are  as 
follows: 

Ring  gear  pitch  diameter  (D^)  ■  6.6  Inches 

Planet  gear  pitch  diameter  (Dp)  =  2. 792  inches 

Sun  gear  pitch  diameter  (D  )  =1. 016  inches 

s 

A  =  -  (D  +  D  )  =  1. 904  inch 

2  '  s  p' 

From  the  AGMA  Gear  Classification  Manual^^  for  Quality  Number  12 

gears: 

Ring  gear  runout  (e  )  =  0. 00071  inch 
K 

Planet  runout  (e  )  =  0. 0006  inch 

P 

Sun  gear  runout  (e  )  =  0. 00051  Inch 
s 

Change  in  center  distance  between  sun  and  planet  gears 

(AC,)  -  e  +  e  =  0.00111  inch 
'  1  s  p 


^lo^Ibid,  See  Reference  No.  10,  Appendix  D 
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Change  in  center  distance  between  planet  and  ring  gears 


(AC„)  =  e  +  e  =0. 00131  inch 
£  P  f? 

Linear  backlash  between  sun  and  planet  gears 

Bj  =  ACj  x  2  tan  ^  =  0.00111  x  0.728  -  0.000808  inch 

Linear  backlash  between  planet  and  ring  gear 

B2  -  AC2  x  2tan*  -  0.00131  x  0.728  =  0.000955  inch 

The  distance  the  planet  gear  center  can  move  with  the  sun  gear  locked  is 

z  =  -j-  (Bi  +  B2)=  0. 000882  inch 

The  angular  backlash  at  the  output  shaft  is  then 
„  z  x  360  x  60  , 

E_  = - — —  =  1.59  minutes  erf  arc  (5-49) 

B  w  x  2  A  '  7 

5.3.3  Compound  Planetary  Transmission 

The  compound  planetary  transmission  selected  for  the  sample  calculation 
has  a  ratio  of  88:1  and  an  output  torque  of  350  ft -lb.  The  significant  parameters  are 
as  follows; 

Sun  gear  pitch  diameter  (B)  =  0.605  inch 

Grounded  ring  gear  pitch  diameter  (C)  =  6.05  inches 

Input  planet  pitch  diameter  (D)  -  2.  72  inches 

Output  planet  pitch  diameter  (E)  =  2. 16  Inches 

Output  ring  gear  pitch  diameter  (G)  =  5. 50  inches 

From  the  AGMA  Gear  Classification  Manual,  for  Quality  Number  12  gears, 
the  runout  tolerances  are 

Sun  gear  (o^)  =  0. 0005  inch 

Grounded  ring  gear  (e  )  =  0. 007  inch 

c 
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0.00059  inch 


lope;  pbasi  (o^) 

Output  planet  (o  )  =  0. 00057  inch 

e 

Output  ring  gear  (a  )  -  0. 00068  inch 

Change  in  center  distance  between  sun  and  input  planet  gears 
AC^  “  %  +  ®(3  “  0*00109  inch 

Change  in  center  distance  between  Input  pie  not  and  grounded  ring  gears 

AC„  -  o  +  e  ---  0. 00129  inch 

2  c  d 

Change  in  center  distance  betwoen  output  planet  and  output  ring  gears 

AC_  =  e  »  e  -  0. 00125  inch 
3  e  g 

Thy  linear  backlash  between  the  sun  and  input  planet  gears  is 

H  AC  x  2  tan  <%>  0.00109  x  0.728  -  0.0008  inch 

2  1 

Tha  linear  backlash  between  the  input  planet  and  grounded  ring  gears  is 
U0  AC.,  x  2  tan  ^  0.00129  x  0.728  -  0.09094  inch 

The  distance  the  planet  center  can  move,  with  tho  sun  gear  locked,  is 

z  -  —  (B1  +■  B0)  -  0.00087  inch 
This  motion  reflected  to  the  output  ring  gear  is 

*2-  *1  ill  O'™*1  '.Jit,*  -  »•«“«  *“* 

The  linear  backlash  between  the  output  planet  and  the  output  ring  gear  is 
D,}  A  C„  :s  2  tan  -  0.  00125  x  0.  728  0.  00091  inch 


The  total  linear  backlash  at  the  output  ring  gear  is 


B  =  z  +  B-  =  0.00235  inch 

O  u  o 


The  angular  backlash  is  then 
B  x  360  x  60 


eb  = 


0. 00235  X  360  x  60 


=  2. 94  minutes  of  arc  (5-50) 


t G  x  x  5. 5 

5.3.4  Eplcyclic  Transmission 

The  350  fc-lb,  1000:1  eplcyclic  transmission  has  the  following  significant 


parameters. 


Input  external  gear  pitch  diameter  (D^)  =  2.60  inches 


Grounded  ring  gear  pitch  diameter  (D.)  =  2.66  inches 

a 


are 


Output  external  gear  pitch  diameter  (Dg)  =  2. 74  inches 
Output  ring  gear  pitch  diameter  (D^)  =  2. 79  IncheB 

From  AGMA  Gear  Classification  Manual^16  \  the  runout  tolerance  values 


e^  =  0.  00059  inch 


e  =  0. 00059  inch 


e_  -  0.  00059  inch 
o 


c.  =  0.00059  inch 
4 


The  change  in  center  distances  and  linear  backlash  values  for  the  two 


meshes  are 


AC.  =  e  +  e  =  0.00118  inch 
11^ 


^6^Ibid,  See  Reference  No.  10,  Appendix  D 
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uni'wwi  w-wm  iinr"  ~  ***»-  ■** .  ■  v 


C3 


0. 00118  inch 


°3  *  e4  ‘ 
AC1  x  2  tan  4 

AC2  x  2  tan  4 


0. 00118  x  0. 728  =  0. 00088  inoh 
0.00118  x  0.728  «  0.00086  inch 


The  backlash  values  are  additive  for  the  epicyclic  transmission.  Thus, 
the  total  angular  backlash  la 

eb  -  <®i  +  b2>  *  ^75“  =  (0‘ 00086  +  °-00086)  x  T7TW 


-  4. 3  minutes  of  arc 


(5-51) 


5.3.5  Harmonic  Drive 

The  following  backlash  data  is  taken  from  "Harmonic  Drive  Mechanical 
Power  Transmission  Systems,"^®)  a  catalog  published  by  Harmonic  Drive  Division, 
United  Shoe  Machinery  Corporation. 

The  backlash  of  standard  harmonic  drive  units  and  component  sets  ranges 
between  two  and  six  minutes  of  arc.  When  finer  backlash  control  is  required,  the  com¬ 
ponents  can  be  manufactured  to  closer  tolerances.  The  standard  Size  50  harmonic 
drive  transmission  has  a  maximum  backlash  of  4. 7  minutes  of  arc.  This  -unit,  with  a 
100:1  ratio,  is  capable  of  driving  the  350  ft-lb  load.  The  backlash  can  be  reduced  to 
0.5  minute  of  arc  by  using  closer  tolerances. 

5.4  FRICTION  AND  EFFICIENCY 

The  efficiency  of  a  transmission  will  vary  with  lubrication,  preload,  speed  and 
torque.  Very  little  information  is  available  cm  transmission  efficiencies  at  different 
operating  conditions. 

Single-mesh  spur  gears  give  an  efficiency  of  98  percent.  The  theoretical 
efficiency  of  single-mesh  spur  gears  is  99.6  percent.  Experience  has  indicated 
that  an  efficiency  of  90  percent  per  mesh  is  typical  for  spur  gears. 

An  overall  efficiency  of  90  percent  has  been  obtained  with  a  two-stage  simple 
planetary  transmission  using  Hi-T-Lube  dry-film  lubricant.  Thus,  the  efficiency 
por  stago  is  95  porcent. 


^^Sco  Reference  No. 
^8^Seo  Reference  No. 
^^Sco  Itcforonco  No. 


12,  Appendix  D 

13 

14 
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The  overall  efficiency  of  a  compound  eplcycllc  transmission  can  be  calculated 
from  the  following  expressions. 


k["*+ "£!•!' *] 


where 


2  cos  4 

m  =  dynamic  coefficient  of  friction 
St  -  length  of  line  of  action 


=  input  speed 


=  output  speed 


=  diametral  pitch 
4>  =  tooth  pressure  angle 


0.07  x  0.175  x  20 
2  x  0.94 


f_i_+  JL 

1 

r«?§.  _ , 

1  150  144 

156 

150J 

L1  J 

(5-52) 


n  =  96  percent 

This  efficiency  Is  theoretically  correct  for  tooth  action  along  the  true  line  of  ac¬ 
tion.  However,  as  the  load  is  Increased  on  the  transmission,  the  line  of  action  will 
effectively  be  curved  as  additional  teeth  come  into  contact,  effectively  reducing  the 
efficiency.  The  effect  of  the  curved  line  of  action  would  require  further  investigation. 


^e  Reference  No.  15 
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Experience  indicates  that  an  efficiency  of  92  percent  could  be  expected  under  worst- 
case  loading  conditions. 

The  input  and  output  torque  values  for  Harmonic  Drive  Industrial  reducer  trans¬ 
missions  are  listed  on  pages  38  and  39  of  Referenced)  for  various  torque  and  speed 
values.  These  transmissions  are  lubricated  with  oil  and  operated  in  the  horizontal 
position. 

The  HDUC  50  unit  at  3500  rpm  speed  and  4760  in-lb  output  torque  was  selected 
for  the  sample  calculation.  The  input  power,  from  the  table,  is  3. 1  HP.  The  output 
power  is 


torque  (in-lb)  x  rpm  _  4760  x  3500  _  2.64  HP 
6302&  63025 

The  efficiency  is  then 


2.64 

3.1 


x  100  =  85  percent 


.  5  INERTIA 


The  inertia  calculations  presented  In  this  paragraph  arc  generally  based  on  the 
parameters  established  in  paragraph  5-2.  The  exception  is  the  Harmonic  Drive  trans¬ 
mission.  Inertia  data  for  this  transmission  was  supplied  by  the  manufacturer.  The 
Inertia  value  of  interest  is  that  which  is  reflected  to  the  input  or  high-speed  side  of 
the  transmission. 

5.5. 1  Spur  Gear 

The  inertia  at  the  transmission  input  was  calculated  by  use  of  the  follow¬ 
ing  equations: 


(5-53) 


(21) 


Soo  Reference  No.  16,  Appendix  D 
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where 


JC1 


p3  g  2 


G3  g  2 
+  f 


t  w  T  4  4  1 

me  [L4  °s4  +  f3  Vj 

!  X  16  [f3  ^G3  “  D('i3i*  f  Kg3  *3  D«3i 
4  4  1 

°P2  +  L3  Ds3J 

JG2 ' 72  X  16  [f2  *°G2  "  °G21*  '  Kr2  *2  U«2| 

4  f,  D4,  +  L_  D4  1 
1  pi  2  s2  J 

riT  w  [ri  <°ci  -  n«u>  ‘  kki  ‘i  Di„  *  ’’si] 


5) 


>r») 


*0) 


r,7> 


These  equations  neglect  the  inertia  contribution  due  to  bearings  and 
fact  that  diameters  Dbj  of  the  connecting  shafts,  Lj,  between  stages  are  not  cons  t. 
The  nomenclature  is  the  same  as  that  shown  In  figure  15.  The  dimensions  used  i 
calculating  the  Inertia  values  were  the  same  as  the  dimensions  used  In  calculatln  he 
weights  in  paragraph  5.2, 

Figure  28  3hows  tho  sample  points  that  were  calculated  and  the  exti  la- 
tion  used  to  obtain  values  at  other  stall  torques  :ind  ratios. 

5.5.2  Simple  Planetary 

Tho  inertia  as  reflected  to  the  input  sun  gear  is  a  function  of  tho  go 
ratio,  the  ratio  of  face  width  to  sun  gear  diameter,  the  output  stall  torque,  allow 
Hertz  stress  levels,  gear  pressure  angle,  material  density,  and  suitable  dimene 
ratios.  Fixing  all  of  those  variables  with  the  exception  of  the  ratio  and  the  stall 
torque,  the  inertia  can  be  found  in  terms  of  these  two  variables  as  shown  in  equa  > 
(5-06).  The  results  are  shown  in  Table  IX. 

The  mothod  of  calculating  the  inertia  is  based  on  the;  condition  that  rgy 
stored  in  a  rotating  part  Is  (1/2)  whore  J(;  is  tho  inertia  of  a  mass  about 

axis,  G,  and  w  m  Is  the  angular  velocity  of  that  mass  about  the  G  axis.  Consequ  v. 
the  total  energy  stored  can  be  determined  by  summing  the  energy  required  by  en 
rotating  part  and  equating  to  an  equivalent  inortia  x  «  ^  product  as  shown  in  cqi  >n 
(5-58). 
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J3LE  IX 


JI VALENT  INERTIA  OF  SIMPLE  PLANETARY  TRANSMISSION 
WITH  SUN  GEAR  INPUT  AND  CARRIE!'  OUTPUT 


6 


(5-58) 


i  ~  r  for  the  ring  gear 
i  -  p  for  the  planet  gear 
i  -  8  for  the  aim  gear 
i  =  c  for  the  carrier 

Some  basic  dimensional  —Rios  were  assumed  to  simplify  the  calculations. 
Also,  the  inertias  due  to  bearings  were  neglected.  The  input  shaft  lengths  (/..}  is  (a) 
times  the  face  width  (f)  of  the  sun  gear.  The  plat  ‘t  gear  axle  diameter  (DpA)  is  the 
diameter  of  the  planet  gear,  D  .  divided  by  (b).  The  carrier  flange  thickness  (ic)  is 
equal  to  tc  x  face  width  (f)  and  lias  a  diameter  equal  tc  (Ds  +  3  D;)/2).  The  output 


7P 


shaft  diameter,  Dco,  is  equal  to  Dg  and  its  length  ($0)  jte  tcc,  x  face  width  (f).  The 
placet  gsar  axis  has  a  length  (Jp)  equal  to  (f).  Also, 


K, 

j 


w 


S2g 


«  2 
lb-sec 

~  A 

tv 


The  following  equations  define  the  J.'g  c£  equation  {5-58) 


a  K, 


J  = 
P 


3  K.  f 
3 


4- 


The  ±ac tor  3  accounts  for  the  three  planets. 


J  - 
pc 


(5-59) 


(5-60) 


(5-61) 


where 


J  ~  the  olanet  gear  inertia  for  rotation  about  sun  gear  center  line 

pc 


J 

c 


K4  f 


?A 


The  velocity  ratios  used  are  given  belcw.  They  hold  v/hen  the  diametral  pitch  is  con¬ 
stant  for  the  transmission  configuration  used. 


fm 


••  n 


■ .  • 


Vp;  .1 


r-rm 


“p  *  “a(/)(l.7T  F 


r  I  ! 


3  DP  \\ 


^  14? 

c  s 


/  D.  \  . 

\d  f  O  /  R„  " 

X  r  3  /  U 


The  useful  dimensional  ratios  for  this  configuration  are  given  below,  they  held  only 
when  the  diametral  pitch  is  constant  throughout  the  transmission. 


D  +  2  B  -  D 

S  p  T 


H  =  i  +  — ■ 

G  D 


-  Ds  -  2) 


Dr  -  Ds  (“g  -  l> 


The  equivalent  inertia  can  be  found  by  using  equation  (5-58)  and  the 
velocity  ratios  to  give  the  relationship  in  equation  (5-63). 


J  =  J  +  J  i-r—r- 
e  s  p \D  R 
'  p  G 


+  (J  +  <1  )  l“5~ 
pc  c  \  R( 


(5-63) 


Substituting  the  values  of  Jj  from  equations  (5-59)  through  (5-61)  into  equation  (5-63), 
the  following  relationship  can  be  found: 


(  ,  r  /Ml  - 1  \  / . 

J  -  K ,  f  |  a  D  4  4  12  D  4  -  (  U-7¥^ 
e  j  |  s  P  \  b  /  I  \  R  R 


(5  -oit) 


+  ?.  t  {  D  + 
C\s 


/)'  •  *[(-))' 


+  D  )  +  t  I) 

8  p  CO  8  J 


B 


r&- 


Equation  (5-64)  can  be  written  In  terms  of  three  variables  by  substituting  the  following 
values: 


a  =  4 
f 

Ds  ”  yl  "  1,5 


b  =  2 
‘o  "  1/4 


1.5 


Also,  using  equation  (5-26) 


T 

_ o 

G  “ 

Using  equation  (5-64),  the  relationship  f  =  1. 5  Dfl  and  equation  (5-65),  the  following 
expression  is  derived  for  equivalent  simple  planetary  transmission  inertia: 


:) 


(in3) 


(5-65) 


D3  =  1.37  X  10"3 

s 


( 


J  = 
o 


4 

y 


(5-66) 


The  results  Illustrated  in  Table  IX  were  obtained  by  substituting  the  various  ratios  and 
stall  torques  in  equation  (5-66). 


5.5.3  Compound  Planetary 

The  method  for  calculating  the  Inertia  of  the  compound  planetary  trans¬ 
mission  is  similar  to  the  method  used  In  paragraph  5. 5. 2  for  simple  planetary  trans¬ 
missions  since  the  Inertia  of  each  rotating  part  about  Its  center  of  rotation  can  be 
reflected  to  the  input  by  the  square  of  the  proper  velocity  ratio. 


t 
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There  are  four  elementary  rotating  parte  in  the  compound  planetary 
transmission  configuration  chosen  for  analysis.  They  are  (1)  the  input  sun  gear,  (B), 
(2)  the  planet  gears,  (D)  and  (E),  (, 3 )  the  planet  carrier,  (A),  and  (4)  the  output  ring- 
gear,  (G).  The  total  inertia  as  reflected  to  the  input  sun  gear  is  given  in  equation 
(3-67)  where  the  subscripts  refer  to  the  various  rotating  parts.  Refer  to  figure  23. 


J  =  J„  + 
e  B 


(o-< 

['*  -  («D  *  (c^b)2  *  'o[^('  - »)]’ 


Actual  calculations  using  equation  (5-67)  were  made  for  those  units  shown  In  figures  21 
through  24.  The  (calculated)  values  are  shown  in  Table  X,  and  plotted  in  figure  29. 


TABLE  X 

EQUIVALENT  INERTIA  OF  COMPOUND  PLANETARY  TRANSMISSION 
WITH  SUN  GEAR  INPUT  AND  CARRIER  OUTPUT 


Stall  Torque 

Ratio 

Inertia 

JA  (ft-lb-sec2  x  10'6> 

350  ft- lb 

55:1 

169 

350  ft- lb 

88:1 

130 

87.5  ft- lb 

55:1 

24.5 

35  ft-ib 

88:1 

2.45 

5.5.4  External  Epicyclic 

The  input  shaft  was  assumed  symmetrical  about  the  center  of  the  trans¬ 
mission  in  calculating  the  inertia  of  external  epicyclic  transmissions.  The  center  of 
the  rotating  gears  have  a  circular  motion  about  the  center  of  the  transmission  at  a 
radii  equal  to  the  eccentricity,  e.  The  velocity  ratio  can  be  obtained  from  the  diagram 
in  figure  30  and  the  following  equations: 

Wg  =  OWj 
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Figure  29.  Inertia  of  Compound  Planetary  and 
External  Eplcyclic  Transmissions 


Figure  30.  Diagram  —  Determination  of  u  /« 
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TABLE  XI 

CALCULATED  INERTIA  VALUES  FOR  EXTERNAL  EPICYCUC  TRANSMISSIONS 


Stall  Torque 

Ratio 

Inertia 

J,lft-lb-aac2  x  10'°) 

350  ft* lb 

1000:1 

22 

350  ft- lb 

20:1 

19 

35  ft- lb 

1000:1 

0.6 

Figure  31.  Inertia  of  Harmonic  Drive  Transmissions 


TABLE  XII 


INERTIA  OF  HARMONIC  DRIVE  TRANSMISSIONS 


Six#  Number 

Inertia 

(f»-lb-»ec2  x  10‘S 

20 

17 

25 

40.6 

JZ 

170 

40 

444 

40 

1700 

64 

4650 

60 

14700 

100 

18400 

used  In  the  weight,  volume,  and  inertia  determinations  are  tabulated  In  Table  vm  as  a 
function  of  stall  torque  and  reduction  ratio.  Figure  31  illustrates  inertia  as  a  function 
of  gear  ratio  and  stall  torque. 

5.6  TRANSMISSION  COMPARISON 

The  figures  illustrated  in  this  paragraph  are  presented  to  demonstrate  the  weight, 
volume  and  inertia  for  the  several  transmission  types.  An  analysis  and  discussion  of 
these  transmissions  was  presented  in  paragraphs  5. 2  through  5. 5.  These  figures  were 
derived  from  the  data  presented  therein.  Ratios  between  50:1  and  200:1,  were  used, 
since  this  range  indicated  the  greatest  potential  for  the  CMG  application. 

Table  Xm  demonstrates  a  comparative  evaluation  of  the  transmissions.  The 
overall  ratio  range  was  divided  into  two  parts  for  comparative  purposes*.  (1)  low  range, 
for  ratios  from  50;  1  to  approximately  125:1,  and  (2)  high  range  for  ratios  from  approxi¬ 
mately  125:1  to  2C0:1. 

Considering  the  transmission  weight  data  presented  in  figure  32  the  weight  of  the 
spur  gear  transmission  is  competitive  at  low  ratios  and  the  smaller  CMG  sizes.  The 
compound  planetary  weight  is  fairly  competitive  for  all  ratios  and  CMG  sizes  to 
approximately  1000  ft -lb-sec.  The  epicyclic  transmission  weight  is  very  competitive 
over  the  full  range  of  ratios  for  all  the  CMG  sizes.  The  harmonic  drive  weight  is  very 
competitive  at  the  higher  ratios  for  all  CMG  sizes. 

Considering  the  volume  requirement  data  shown  in  figure  33  the  spur  gear  trans¬ 
mission  volume  requirement  is  fairly  poor  over  the  full  range  of  ratios  and  CMG 
sizes.  The  compound  planetary  volume  is  very  competitive,  as  well  as  the  harmonic 
drive  and  epicyclic  units. 
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TABLE  HD 
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TRANSMISSION  EVALUATION 


Transmission 

Type 

V  EIGHT 

VOLUME 

INERTIA 

Backlash 

Friction 

and 

Efficiency 

■  Low  <*> 

Range 

High 

Range 

Low 

Range 

High 

Range 

Lorn 

Rang* 

High 

Rang* 

Spur  Gear 

2 

1 

1 

1 

2 

3 

3 

2 

Compound 

Planetary 

2 

0 

3 

0 

2 

o 

3 

2 

Epicyclic 

3 

3 

3 

3 

3 

3 

2 

2 

Harmonic 

Drive 

2 

3 

0 

3 

2 

1 

2 

1 

NOTES: 

(1)  Low  Rang*  represents  transmission  ratios  from  50:1  to  approximately  125:1 

(2)  High  Range  represent*  transmission  ratios  from  approximately  125:1  to  200:1 

(3)  Rating  Factors:  3  -  Very  Oood;  2  -  Good;  1  -  Fair;  O  -  Poor. 


Considering  the  inertia  data  presented  to  figure  34  some  care  must  be  exercised 
to  use  of  the  curves.  The  range  of  inertias  of  the  DC  torquer  motors  considered  for 
application  to  the  CMG  is  10~^to  0. 178  ft -lb-sec2.  The  general  range  erf  transmission 
inertias  (except  for  the  harmonic  drive  unit)  is  2  x  10-6  to  165  x  1(H*  ft-lb-sec2.  The 
relative  importance  of  the  transmission  inertia  is  indicated  only  when  compared  with 
the  motor  inertia.  If  the  transmission  data  is  considered  only  on  its  own  merits,  the 
epicyclic  transmission  is  very  suitable  over  the  full  range  of  ratios  and  CMG  sizes. 

The  Bpur  gear  becomes  very  competitive  at  the  higher  ratios.  The  compound  planetary 
generally  could  be  acceptable.  The  harmonic  drive  unit3  exhibit  rather  large  inertias 
and,  as  such,  their  application  must  be  qualified  by  further  consideration  of  relative 
magnitude  of  the  motor  inertia  and  also  the  loop  performance  requirements. 

Relative  backlash  and  friction  levels  were  presented  to  paragraphs  5.3  and  5.4. 
The  backlash  and  friction  ratings  assigned  to  the  transmissions  were  based  on  the  dis¬ 
cussion  presented  thereto. 

The  conclusion  is  that  the  epicyclic  transmission  is  the  best  selection  for  CMG 
application.  Also,  the  compound  planetary  transmission  is  an  excellent  second  choice. 


88 


0- 


■+ 


-t- 


)  35  17  '7S  550 

MAX  ACTUATOR  STALL  TORQUE  (FT  LBS) 


f  - t - 1 - -H 

JOO  500  1000  isoo 

CONTROL  MOMENT  GYRO  SIZE  (FT  -LB-SEC) 

(c)  ISM  RATIO 


0  35  17  175  Mi 

MAX  ACTUATOR  STALL  TORQUE  (FT -LB 

^ - ( - 1 - 1 - 1 - 

0  200  500  1000  1500 

CONTROL  MOMENT  GYRO  SIZE  (FT  LB-  W 

(i)  200:1  RATIO 


Figure  32.  Transmission  Weight  Versus  Stall  Torque 


VOLUME  (IK3!  VOLUME  (IK3) 
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Figure  33.  Tranamlssion  Volume  Versus  Stall  Torque 
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(a!  50:1  SaT!0 


(BJ  500:'!  RATIO 


Hk't  CTUATOW  STALL  TOSOUE  (FT  L8S)  wA*  ACTUATOR  STALL  TOROUE  (FT  L8S! 


y  - 

COMTKOL  MOMENT  GYRO  SUE  IF T  •  LB  -  SEC)  CONTROL  M3M«MT  GYRO  SIZE  (FT  •  LB  -  EF.CS 


(c)  150:1  RATIO  <<»>  200:1  "UtO 


Figure  U4.  Transmission  Inertia  Versus  Stall  Torque 


SECTION  VI 


ACTUATOR  OPTIMIZATION 


ti.  1  DYNAMIC  CONSIDERATIONS  AND  ANALYTIC  TRANSFORMS 

The  analytical  transforms  are  the  ratio  of  the  actuator  output  speeds,  NL,  to  the 
input  signal,  Em,  in  the  Laplace  transform  or  S  domain.  The  response  characteristics 
of  the  control  system  will  generally  be  limited  by  the  actuator  transfer  function.  How¬ 
ever,  other  characteristics  such  as  resolution,  threshold,  stability,  etc. ,  will  be  a 
function  of  the  total  system.  Figure  35  shows  some  of  the  elements  that  will  be  neces¬ 
sary  for  the  total  actuator  system.  They  include  an  error  amplifier  (Ka)  and  tachom¬ 
eter  feedback  (Kg).  The  gain  of  these  two  elements  will  improve  the  response, 
determine  the  speed  linearity  and  make  the  system  stlffer  (less  susceptible  to  speed 
variation  when  disturbance  torques  are  present).  This  block  diagram  illustrates  one 
possible  method  for  rate  mode  control  with  switching  used  to  accomplish  torque  mode 
control.  One  feature  of  the  controller  shown  In  figure  35  merits  further  discussion. 

If  the  torque-commanded  axis  develops  a  rate  caused  by  a  disturbance  torque  acting  on 
the  rate-controlled  axis,  this  undeslrcd  rate  signal  can  be  used  to  eliminate  or  reduce 
the  disturbance  torque. 


CAM.  It, 


•  "o 


Figure  35.  Block  Diagram  -  Inner  Gimbal  Control  System 
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6. 1. 1  Single-Order  Response 

The  single  order  response  is  based  on  motors  having  straight  line  torque- 
vorsus-speed  characteristics  and  neglects  electrical  time  lags  and  external  feedback 
elements. 


form: 


The  motor  torque  (Tem)  under  steady-state  conditions  has  the  following 


Tem  =  k  <Em)  ~  MMmax  (NM)  (6-1) 

k  *  stall  torque  Input  constant  (ft-lb/volt) 

E  =  input  voltage 

m 

=  ratio  of  maximum  stall  torque  to  maximum  speed 
Mmax  (ft-lb/rad/sec) 

Nw  -  motor  speed  (rad/sec) 

The  motor  output  torque  (Tj^j)  is  Tem  less  motor  Inertiu  and  friction  torque  and  equal  to 
the  torque  applied  to  the  transmission. 

d  NM 

T,,  --  T  -  -  f  N  (8-2) 

M  cm  M  dt  M  M 

The  torque,  T,„  applied  to  the  transmission  Input  Is 
M 


nm“  Vl’  thui‘ 


'm "  [jl  ^  *  ‘l nl] 

'  2  \  dt  /  „  2  NM 


Consequently,  from  equations  (G-2)  and  (6-4), 


dNM  «1Nm  fT 

em  M  dt  M  M  2  dt  2  M 

Ko  kg 
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The  total  friction  and  inertia  can  be  expressed  as  one  term: 

.  . 

T  *  JM  +  2 

R0 

*L 

fT  =  fM  +  2 

RG 

Substituting  equation  (6-5)  into  equation  (6-1)  as  a  function  of  speed,  the  following 
equation  holds: 

J„,S  N„  (s)  +  f_Nw  (s)  -  k  E  (s)  -  M  N._  (s) 

T  M  T  M  '  '  m  Mmax  M 

The  transfer  function  is 


(6-6) 


N  (s)  M  .  +  f„ 

m  Mmax  T 


Em  (s) 

m 


1  4  S 


^Mmax  +  *T 


Or,  simplifying. 


N  (s) 
m 

E  (s) 
m 


(MMmx  1  ‘t)  (’  ‘  SMMmax  .  fT  ) 


(6-7) 


(6-8) 


For  time  response,  when  the  input  command  E  (t)  Is  a  step  function,  the  output 
NM(t)  18 


NM  «  “  <Em>  M 


♦  f 

Mmax  T 


a  -  e  -t/r), 


(6-9) 


whore  t  is  the  elapsed  time  after  the  start  of  the  input  stop  and  r  -  Jj/  (Pp  MMmax). 
Tho  block  diagram  of  figure  36  ytolds  the  Biime  transfer  function  If  L,  Je,  and  arc 
equal  to  zero  and  where  Kt/Rt  k  and  Kj  Kb/Rt  Mjvimnx- 


The  various  values  of  r  can  be  evaluated  based  on  the  inertias  (Je) 
established  for  tho  transmissions  in  section  V,  the  load  inertia  (J,  )  established  as 
Jj  -  2.35  (log  II)  -  5.  06,  and  the  motor  Inertia  (TM)  from  tho  motor  manufacturer's 


\ 


i 

! 
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Figure  36.  Block  Diagram  -  Actuator  Transfer  Function 


catalog.  For  low  speed  loads,  the  total  viscous  friction,  (fj),  is  generally  much 
smaller  than  MMmax  and  can  be  neglected  In  the  CMG  response  calculations. 

6.1.2  Second  Order  Response 

The  second  order  response  can  be  determined  by  including  the  electrical 
time  lags  of  the  motor.  Figure  37  Is  a  schematic  diagram  showing  the  electrical 
elements  involved  In  the  transfer  between  the  output  torque  Tem  (8)  and  the  source 
voltage  Em  (s). 

Then, 


RT=  V  rm 


(6-10) 


T  (s)  =  K_ 
em  '  '  T 


Em  <8>  "  KB  NM  <8> 


Vslm 


(6-11) 


Substituting  equation  (6-5)  into  equation  (6-11),  the  overall  transfer  function  Is 


_ . _ 

Em  <8>  "  KT  KB  *  BT  fT  *  <Vt  *  ‘T  V  S  *  LmJT  8  2 


(6-12) 
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Figure  37.  Schematic  Diagram  -  DC  Torquer  Motor  Control  Circuit 


Rewriting  equation  (6-12)  in  the  same  form  ns  equation  (2-5),  the  following  relationship 
Is  determined: 


nm<8> 

Em  <8>  = 


K„ 


L 

m  T 


KT  kb  ♦  RT  fT 

'R  +  f  L  ' 

T  JT  T  m 

Q  x  C 

L 

L  J„, 

O  T  D 

m  T 

L  m  T  J 

2 


(6-13) 


Thus  the  trans^r  function  of  the  motor  and  transmission  can  be  written  as 

2 


nm<s> 

Em<3) 


K„ 


Kt  K0  +  Rt  fT 


w 


n 


2  2 
u  2  w  fS  +  S 
n  n 


where 


w 

n 


/ 


KTKB-RTfT 

1.  JT 
m 


(6-14) 


(6-15) 
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and 


f  =  1/2 


*T  JT  4  fT  Lm 
>/KTKB+RTfT 


1 


(6-16) 


For  fT  equal  to  zero,  «n  can  be  expressed  In  terms  of  motor  constants  and  the  total 
reflected  inertia. 


n 


(6-17) 


where  the^X?  Kb/Rt  ~  V^o  as  8,ven  In  the  motor  catalog  when 

rt  -  RM  and^F^  =1.19  Km.  Therefore,  «n  can  be  evaluated  for  systems  having 

zero  source  impedence  and  zero  mechanical  damping  as  follows: 


<*» 


1. 19 


(6-18) 


The  damping  factoi  can  be  calculated  readily  by  using  similar  lumped  constants  and 
lettering  f  j  equal  zero. 


f=  0.42 


(jt) 

(Km)! 


(6-19) 


The  values  of  wn  and  fare  tabulated  for  various  motors  and  CMG  sizes  in  tables 
XIV  through  XVIII. 


6. 1.  3  Total  Actuator  Weight  Comparison 

The  total  actuator  weight  for  the  five  CMG  sizes  are  shown  in  figures 
38  through  42  as  a  function  of  the  minimum  suitable  gear  ratio.  The  epicycllc  trans¬ 
mission  was  used  In  determining  the  total  actuator  weight.  These  figures  Illustrate 
the  fact  that,  for  transmission  ratios  above  50:1,  the  major  contribution  to  actuator 
weight  Is  the  transmission.  The  figures  also  Illustrate  that,  for  a  given  CMG  size,  the 
total  actuator  weight  Is  fairly  constant  for  ratios  above  50:1 .  The  data  for  these  fig¬ 
ures  was  obtained  from  tables  XIV  through  XVIII. 
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DC  TORQUER  TRANSMISSION  COMPARISON  (500  FT ’•LB-SEC  CMG  SIZE) 
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Jm  (ft-lb-*ee  *  10'  )  530  (400  17000  US  270  2000  5000  320 

J.  (fulb-««c  x  10'6)  J.5  4.5  4.5  4.5  4.0  4.5  4.5  3.5 

J^/Rc  (ft-lb-i.e2  *  10*6)  91.5  7000  14600  26.4  64.2  1100  3460  102 

JT«t-lb-i«c  x  10-6)  625.  15404.5  31604.5  147.5  336.2  3104.5  8464.5  425.5 


DC  TORQUER  TRANSMISSION  COMPARISON  (1000  FT-LB-SEC  CMG  SIZE) 
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DC  TORQUER  TRANSMISSION  COMPARISON  (1500  FT-LB-SEC  CMG  SIZE) 
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SI0*i  S'8£8  SOiS  9U0?  T‘999  <,.0I  «  xf 


Continuous  (tt-ib)  j  G..54  3,2  !  4.45  j  6,3  j  9.45 


;les) 


MINIMUM  SUITAILg 


Figure  31#.  Actuator  Weight  Versus  Minimum  Suitable  Gear  Ratio  - 

87.  5  ft-lb  Stall  Torque 
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WEIGHT  (LBS) 


I 

f 


Figure  40.  Actuator  Weight  Versus  Minimum  Suitable  Gear  Rati.)  - 

175  ft -lb  Stall  Torque 


Figure  41  Actuator  Weight  Versus  Minimum  Suitable  Gear  Ratio  - 

202  ft-lb  Stall  Torque 
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0  75  150  225  300  375  <50  525  600  675 


MINIMUM  SUITABLE  Rc 

Figure  42.  Actuator  Weight  Versus  Minimum  Suitable  Gear  Ratio  - 

350  ft-lh  Stall  Torque 

6,1.4  Speed  Range  Considerations 

S  he  maximum  speed  that  a  load  can  be  driven  is  equal  to  the  product  of 
the  maximum  motor  speed  and  the  transmission  ratio.  The  maximum  motor  speed  is 
a  function  of  the  motor  torque-speed  curve  and  the  load  torque.  Figure  43  shows  a 
typical  motor  torque-speed  curve  with  superimposed  curves  of  typical  load  torques 
due  to  coulomb  and  viscous  friction  The  torque  available  to  accelerate  the  load  Is 
the  motor  torque  Tein  less  the  friction  torque  and  Is  equal  to  Tjyj  In  figure  43.  The 
friction  torque  varies  with  speed.  Therefore,  the  combined  friction  and  output  torque 
will  vary  with  speed,  even  though  the  motor  generated  torque  la  constant. 

The  motor  spued,  at  any  output  torque  value,  is  determined  by  the  inter¬ 
section  of  the  motor  and  load  torque-speed  curves  for  that  output  torque. 

The  motor  speed  can  be  reduced  by  increasing  the  load  or  decreasing  the 
motor  torque  Tem.  The  minimum  speed  at  which  the  uncompensated  motor  will  run 
smoothly  depends  on  the  speed  history;  e.  g  ,  if  a  lower  speed  is  commanded,  th. 
minimum  smooth  speed  will  be  at  the  point  where  (Tonij  -  Tj)  Is  slightly  greater  than 
zero.  However,  If  an  Increasing  speed  is  commanded  when  the  motor  is  at  zero  speed, 
the  iuad  does  not  accelerate  until  (Tem2  -  Tj)  becomes  greater  than  zero.  As  seen 
in  figure  43  these  two  speeds  do  not  coincide.  The  resulting  speed  oscillators  will 
resemble  those  of  a  relaxation  oscillator. 
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Figure  43.  Motor  nnd  Load  Torque-Speed  Curves 


The  minimum  motor  speed  can  be  reduced  by  adding  rate  feedback  to 
cancel  the  negative  damping  effect  of  friction  at  low  speed.  The  fnctors  which  limit 
the  minimum  speed  that  can  be  obtained  with  rate  feedback  are  threshold  of  the  rate 
feedback  system,  noise,  and  variation  of  friction  with  output  shaft  position.  Tho 
motor  speed  will  obviously  :.iot  be  smooth  when  the  signal  to  noise  ratio  of  the  motor 
electrical  Input  Is  low.  The  variation  of  friction  with  position  Is  also  a  form  of  noise, 
and  tho  signal  level  must  bo  sufficiently  high  to  cancel  the  effects  of  this  noise. 

An  example  of  the  speed  range  capabilities  of  direct  drive  DC  torquers 
is  n  tablo  for  testing  rate  and  integrating  gyros.  This  table  has  a  speed  range  of 
0.  017  RPM  to  1000  RPM,  or  a  range  of  5000.  (22)  Tho  range  required  of  the  CMC  is 
1000:1  and  Is  not  considered  to  be  a  serious  problem  in  control  circuit  implementation. 

6.2  TRANSMISSION  OPTIMIZATION 

The  transmission  optimization  deals  with  the  specific  selection  of  characteristics 
for  tho  eplcycllc  transmission  chosen  In  the  general  transmission  study  of  section  V. 

A  general  technique  is  developed  which  allows  the  selection  of  an  optimum  transmission 
based  on  ratio,  size,  and  efficiency.  A  schematic  representation  of  tho  eplcycllc 
transmission  Is  shown  In  figure  44. 


Reference  No.  17,  Appendix  D 
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FIXED 


Figure  44.  Epicyellr  Transmission 


(6-11) 
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rnr  rorvf*n!cn'-*'  take  the  llx<*i  internal  gear  V  u* 


NV 


N.  N. 


R  -! 

g 


(6-12) 


*■  rom  figure  44  the  following  relationships  are  evident: 


e 


2 


+  e 


Solving  for  the  eccentricity  e  In  both  equations: 


D]  P 


°4  °3 


Or 


D4  -  °3  -  -  °2 


living  for  P,}f 


D3  D4  '  °2  "  °1 


(0-13) 


Assume  that  the  diametrical  pitch  is  the  same  for  !>oth  gear  meshes;  therefore 

(P-!4) 


N  N  4  N  -  N 
3  4  2  1 


When  K  (6-14)  Is  substituted  Into  E  (6-12) 
Q  n 


*4  *2 

v»r'  v 


N  N, 

_2  _4 

N,  N, 


R 


(6-15) 


G 
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N 


living  E  (6-10)  lor  —  yields 


N. 


,3 

Ni 

*2  y 1 

Ni  rg 


(6-16) 


The  form  of  equation  (6-16)  lfl  shown  In  figure  45  with  the  transmission  ratio  Rq 

N2 

and  tho  non-dimensional  parameter  —  as  Independent  variables. 

N1 


In  paragraph  5.  4,  the  efficiency  of  the  eplcycllc  transmission  was  Bhown  to  be 

1 


1*0. 13  (  <  n  "  N  "  N J  &G-" 

£  I  ** 


(6-16) 


Tho  factor  0.  13  contains  an  assumed  coefficient  of  friction  between  mating  gears 
of  0.  07. 

Equation  (6-16)  can  bo  written  In  terms  of  the  fixed  gear  by  dividing  by  N^. 


n 


1 


0.  13  , 

*  TT'  * ( 


N2/Nl 


1 

C7n 


w 


*G’" 


(6-17) 


Ng  can  be  eliminated  by  substituting  equation  (6-11)  Into  equation  (6-17),  noting  the 
assumption  that  the  diametrical  pitch  Is  the  same  for  both  meshes: 


V  = 


1  - 


0.  13 
N1 


(‘  4  N4/N, 


4  1 


(Nj/N^^/Nj) 


VNi) 


(R  -1)  (6-18) 


It  can  be  seen  from  Equation  (6-18)  that  the  efficiency  can  not  be  expressed 
purely  in  terms  of  non-dimensional  parameters,  but  is  dependent  upon  the  number  of 
teeth  on  the  reference  gear,  which,  in  this  case,  Is  Nj .  On  figures  40  through  48  the 
eplcycllc  transmission  efficiency  is  plotted  as  a  function  of  the  non-dimensional 
parameters  and  the  negative  ratio  for  various  values  of  Nj .  Note  that  efficiency  In¬ 
creases  with  Increasing  number  of  teeth  Nj . 
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Figure  4G.  Epicycllc  Transmission  Efficiency  >,  lor  ^  -  50 
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y.e  of  the  gear  train  may  be 


estimated  from  equation  (5-42)  developed  In 


paragraph  5.  2.  4: 


D 


1 


HO  'l 

o 


(5-42a) 


Where  '1'0  is  the  output  load, 
the  gear  face  width,  in 


lb-in;  Sjj  is  the  flexural  endurance  stress, 


psi,  and  f  is 
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To  obtain  the  highest  efficiency  N2  should  be  as  large  as  possible.  Therefore  Pj 
should  be  chosen  large  and  h  small.  Pd  Is  selected  as  large  as  possible  consistent 
with  good  gear  cutting  practice  for  the  estimated  diameter  Dj.  The  diameter  estimate 
.  an  be  based  on  such  factors  as  minimum  weight,  available  space,  or  minimum  back¬ 
lash. 


The  coefficient  h  should  normally  be  chosen  small  to  maintain  accuracy  of  the 
gear  teeth  across  the  gear  face.  Nonuniformity  of  the  gear  tooth  cross-section  can 
lead  to  high  local  stresses  which  may  damage  the  tooth  face  or  cause  lubricant 
breakdown. 

6.  3  TORQUER  SELECTION 

The  torquers  for  the  CMG  gtmbal  actuator  sizes  (35,  87.5,  175,  262  and  350  ft-lb) 
are  chosen  on  the  basis  of  actuator  requirements  given  In  section  I  and  the  following 
factors: 

(a)  Satisfy  stall  torque  Tj^  and  no-load  speed  N^  requirements  of  the  load. 

(b)  Minimum  size  and  weight  of  the  actuator  package  for  a  particular  CMG. 

(c)  Minimum  power  dissipation  by  the  controller-actuator  overall  design. 

(d)  Minimum  threshold  (0.  2  ft-lb  for  the  175  ft-lb  size)  and  resolution  (1%  specified). 

(e)  Response-,  the  actuator  load  must  respond  to  and  remain  within  3%  of  the 
commanded  value  In  less  than  0.  05 seconds. 

(f)  Minimum  transmission  backlash. 

(g)  Selection  of  a  mechanical  transmission  with  a  gear  ratio  to  be  compatible  with 
(a)  through  (f)  above. 

Based  upon  studies  In  sections  rv  and  V,  the  actuator  shall  consist  of  two  major  com¬ 
ponents:  DC  torquer  and  an  eplcycllc  mechanical  transmission.  A  proper  DC  torquer 
size  and  transmission  gear  ratio  can  be  selected  on  the  basis  of  some  of  the  con¬ 
straints  above,  l.  e. ,  (a)  through  (f),  and  other  considerations  given  In  paragraph  6. 1 
for  dynamic  response  and  paragraph  6.  2  for  eplcycllc  transmission  gear  ratio,  sizing 
and  efficiency.  As  an  example,  a  DC  torquer  and  gear  ratio  shall  be  selected  for  the 
175  ft-lb  actuator  size  with  a  gyro  wheel  with  an  angulnr  momentum  of  1000  ft-lb-sec 
and  a  maximum  glmbal  rate  of  0. 175  rad/sec  (approximately  10  degrees  per  second). 

6.  3. 1  Selection  Example 

An  excellent  starting  point  for  design  of  the  175  ft-lb  actuator  Is  table  XVI 
which  lists  a  number  of  actuator  and  transmission  characteristics  for  seven  different 
DC  torquers:  Inland  Motor  Corporation  models  T-4036C,  T-7203A,  T-7202F,  T-5730D, 
T-2950E,  T-10036Band  T-5135D.  Torquers  T-7203A,  T-7202F  and  T-10036B  are 
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needlessly  large  and  heavy,  and  are  thereby  promptly  eliminated  as  candidates. 
T-4036C  and  T-2950E  are  relatively  small  torquers  which  have  several  Inherent 
disadvantages:  high  threshold  (2. 24%  and  2. 61%)  due  to  torquer  friction  alone  and 
high  gear  ratios.  The  smaller  torquers  have  a  tendency  to  have  a  high  ratio  of 
frictional  torque  to  maximum  rated  output  torquer.  Of  the  remaining  candidates 
(T-5730D  and  T-5135D)  the  T-S730D  torquer  seems  to  have  the  advantage  since  a 
higher  maximum  torque  Is  available  even  though  it  is  slightly  lighter  in  weight  and 
requires  less  power. 

A  more  complete  tabulation  of  T-5730D  DC  torquer  characteristics  are 
listed  for  reference: 


Weight 

W  =  8.  2  lb. 

Diameter  x  length 

DxL=  7.2  in  x  1.82  In. 

Max.  continuous  torque 

Twm,  =  4. 45  ft-lb 

MM 

Peak  torque 

TMp-70ft-,b 

Friction  torque 

Tc  =  0. 07  ft-lb 

Peak  power  (stalled) 

Pp  =  225  watts 

Peak  current 

rMp  =  5.  38  amps 

DC  resistance 

=  8. 5  ohms 

Inductance 

L,„  =  0. 027  henries 

Electrical  time  constant 

rE  **  3. 2  msec 

Torque  sensitivity 

KT  =  1.3  ft-lb/amp 

Rotor  moment  of  inertia 

=  5(10)"3  lb-ft-sec2 

M 

Motor  constant 

K„  =  0. 465  lb-ft/amp/ohm 
M 

Back  EMF 

K  =  1.77  volts/rad/sec 
fi 

Max.  no-load  speed 

N..  «  27  rad/sec 

M 

One  Item  which  Is  Instantly  observed  is  that  the  running  friction  is  1%  of  the  peak 
torque.  Additional  stlctlon  torqueB  shall  Increase  the  actuator  threshold  even  more, 
thereby  exceeding  the  specified  maximum  of  0. 2  ft-lb.  Torquer  motor  friction  is. 

In  general,  about  2%  of  maximum  peak  torque  in  sizes  up  to  Type  T-6730.  Above 
this,  the  percentage  tends  to  decrease  with  size,  falling  to  about  1/2%  for  the  largest 
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unit.  Actuator  design,  therefore,  most  be  a  compromise  between  else  and  weight, 
power  retired,  actuator  response,  threshold  and  resolution. 

A  summary  of  actuator  requirements  for  a  CMG  with  a  gyro  wheel 
angular  momentum  of  1000  ft-lb-sec  are  listed  for  reference: 

Maximum  glmbal  rate  (N^) 

<£0. 175  rad/sec 

4* 

Minimum  glmbal  rate 

*  .  000175  rad/sec 

t' 

Maximum  glmbal  torque  (T_  w) 

LM 

-  175  ft-lb 

Threshold  torque 

<0.2  ft-lb 

Torque  resolution 

<1.75  ft.  -lb 

Torque  linearity 

<+5% 

A  preliminary  calculation  of  transmission  gear  ratio 
expressions: 

Is  found  from  the  following 

Tr 

1 

R 

01  tm 

(6-22) 

(6-23) 

.  | 

Combining  Equations  (6-22)  and  (6-23), 

_  tl 

rq1'*s 

(6-24) 

The  magnitude  of  to  be  used  In  the  expression  is  that  obtained  when  20  volts  DC  Is 

across  torque  r  winding.  This  voltage  was  selected  since  the  unregulated  28  volt  DC 
power  supply  may  drop  to  as  low  as  24  volts,  and  a  drop  of  two  volts  DC  was  esti¬ 
mated  across  each  power  transistor  In  the  conducting  arm  of  the  driver  bridge  circuit. 
Therefore, 

R  -TLRM 

G1  20Kt 

(6-25) 

175  (ft-lb)  8.  5  (ohms) 
KG1  *  20  (Volta)  1 . 3  (ft-lb/amp) 

RG1-57.2 


r.- 
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Rounding  off  Rq  to  the  next  highest  round  number  to  provide  a  margin  of  reserve 
torque,  Rq  was  selected  to  be  60.  The  maximum  motor  torque  T^M  needed  for  a 
175  ft-lb  glmbal  load  (assuming  no  losses),  would  be  2. 92  ft-lb.  A  number  of  other 
conditions  may  now  be  calculated  for  the  motor  using  the  following  duty  cycle  formula: 

Tm  (maximum)  for  1%  of  the  time 

T../2  for  30%  of  the  time 

T  /4  for  69%  of  the  time 

M 


The  average  duty  motor  current  Is,  therefore. 


3 


(6-26) 


'AV^  0-3325  Wx 


A  summary  of  torquer  output,  current  and  power  follows  (neglecting  transmission 
losses  up  to  5%): 


Max.  required  motor  torque 

Tww  *■  2.  92  ft-lb 

MM 

Max.  required  current 

=  2. 25  amps 

MM 

Duty  cycle  avg.  current 

IAV  =  0.  75  amps 

Max.  required  power 

Pwm .  =  43  watts 

MM 

Duty  cycle  avg.  power 

P ...  =  5.  5  watts 

AV 

Voltage  across  colls  (required) 

*  19. 1  volte  DC 

MM 

Response  of  the  actuator  can  also  be  calculated  from  Equations  (6-17)  and  (6-18): 
Undamped  natural  frequency  -  123  rad/sec 

Damping  ratio  f  =  1.27 
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Soma  of  the  physical  characteristics  can  be  est*  mated  from  a  preliminary  design 
given  In  Section  10  for  the  175  ft— lb  actuator.  The  following  weights  apply  to  that 


actuator  size: 

Torquer  (T-5730)  8,  7  lb. 

Tachometer  generator  (TG-28G1)  1  lb. 

Transmission  4 

Mounting  plates  and  structure  9.  8 

Total  actuator  weight  23  lb. 


The  total  volume  of  the  assembly,  including  mounting  pads  and  structure,  la  about 
380  cubic  inches.  The  volume  of  active  components,  of  course,  is  much  less,  prob¬ 
ably  less  *han  hall"  of  *hls  volume;  i.  e. ,  approximately  150  cubic  inches. 

8.  3.  2  Charade*  fsttcs  for  Five  Actuator  Sizes 

Torque rs  and  gear  ratios  for  the  35,  87.  5,  262  and  350  ft— lb  actuators 
were  determined  using  the  sama  method  as  discussed  in  paragraph  6.  3.  t.  A  list  of 
all  torquer  characteristics,  including  the  1 75  ft-lb  actuator,  are  tabulated  in  table  XIX. 
identical  torquers  were  selected  for  both  the  262  and  350  ft-lb  actuators 

Table  XX  Includes  the  gear  ratios,  actual  torquer  power  and  currents, 
the  moments  of  Inertia  reflected  back  to  the  torquer  rotor  and  the  actuator  dynamic 
response  ter  all  five  actuators.  These  were  also  determined  using  the  method  demon¬ 
strated  in  paragraph  6.  3.  i . . 

Actuator  weights  and  volumes  are  also  estimated  for  the  five  actuator 
sizes  in  table  XXI  The  weights  and  volumes  Include  the  nmun'htg  pads  and  all  of  the 
required  structure  Weights  and  vo'ur  es  of  the  active  portion  of  the  actuator  assem¬ 
blies  are  a  fraction  (about  one-third)  of  the  tabulated  figures 
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T DEQUE  OPERATING  CONDITIONS  AND  ACTUATOR  RESPONSE 


TABLE  XXI 

ESTIMATED  PHYSICAL  CHARACTERISTICS  OF  FIVE  ACTUATOR  SIZES 


Actuator 

Size 

(ft-lb) 

Weight 

(lb) 

Volume 

(to3) 

35 

10 

125 

87. 5 

16 

235 

175 

23 

380 

262 

32 

430 

350 

35 

465 

* 
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SECTION  vn 


ELECTRONIC  CONTROLLER  DESCRIPTIONS 


In  this  section,  a  brief  description  of  each  torquer  will  be  made.  This  will  be 
done  for  expository  purposes  as  well  as  being  a  preliminary  step  In  the  optimization 
procedure.  The  eight  controllers  considered  are:  DC  proportional,  single  channel 
pulse  width  modulation  (PWMj),  duel  channel  pulse  width  modulation  (PWM2),  basic 
ON-OFF,  two-level  ON-OFF,  pulse  amplitude  modulation  (PAM),  pulse  frequency 
modulation  (PFM),  and  delta  modulation.  Each  controller  will  be  considered  to  be 
driving  a  DC  load  in  accordance  with  an  error  signal. 

7.1  DC  VOLTAGE  POWER  AMPLIFIER 

The  voltage  amplifier  in  figure  49  provides  a  floating  output  of  either  polarity 
from  a  single  ended  Input.  The  circuit  is  entirely  DC  coupled  and  utilizes  a  bridge 
type  output  circuit.  Output  power  is  limited  only  by  the  current  carrying  capacity  of 
the  power  transistors,  and  the  saturation  level  is  determined  by  the  line  voltage  and 
thu  load.  As  the  circuit  stands  as  shown  in  figure  49,  an  input  of  approximately  0.5V 
or  greater  is  necessary  to  produce  an  output.  To  reduce  this  dead  zone,  the  pream¬ 
plifier  of  figure  50  is  added  to  the  input  of  the  original  circuit  of  figure  49. 

The  operation  of  the  preamp  is  suoh  that  for  an  Input  of  0.05  volt,  the  output  volt¬ 
age  is  0.5  volt.  Increasing  the  input  further  activates  the  diodes  and  the  gain  is  then 
unity.  Therefore,  the  dead  zone  (overall)  Is  reduced  to  0.05  volt.  The  transfer  func¬ 
tion,  preamp  included,  is  shown  in  figure  51. 

The  operation  of  the  circuit  In  figure  49  is  as  follows: 

At  zero  volts  error  signal  to  terminals  1  and  2,  the  bridge  is  inoperative  and 
zero  volts  appear  across  the  load -terminals  5  and  6.  For  a  positive  DC  error  signal, 
the  left  side  of  the  bridge  Is  operating.  Q3  operates  as  a  switch,  Q1  and  Q10  provide 
the  proportional  control  for  Q9.  Negative  error  Bignals  activate  the  right  side.  Re¬ 
sistors  R3  ar.d  R4  provide  voltage  feedback. 

The  amplifier  can  easily  be  converted  to  a  current  amplifier  by  rearranging  re¬ 
sistors.  The  voltage  power  amplifier  (VPA)  has  a  distinct  advantage  over  the  current 
power  amplifier^23).  With  a  current  power  amplifier  (CPA)  or  controller,  the  system 
is  marginally  stable  —  l.e. ,  the  system  is  unstable  as  the  effective  forward  gain  de¬ 
creases  as  well  as  at  higher  gains,  and  stable  at  mid  range.  Filter  requirements 
with  CPA  are  also  difficult  to  realize.  With  VPA  the  system  is  stable  to  a  high  gain 
and  filter  requirements  are  Iobb  difficult  to  realize. 


(23) 


See  Reference  No.  18,  Appendix  D 
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Figure  49. 
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Voltage  Amplifier  Characteristics  -  Unloaded  Gain 
of  Approximately  2.8  v/v 
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7.2  SINGLE  CHANNEL  PWM 


Pulse -width  modulation  (PWM)  is  a  technique  whereby  large  amounts  of  power 
are  efficiently  transferred  to  a  load  device  through  an  amplifier.  In  this  scheme,  a 
pulse  train  of  constant  amplitude  and  period  is  width  modulated  by  an  error  signal. 
There  are  two  approaches  to  PWM,  the  single  channel  modulator  (PWMi)  and  the  dual 
channel  modulator  (PWM2).  In  each  method,  the  average  value  of  a  given  pulse  is 
proportional  to  the  value  of  error  signal  at  the  beginning  of  that  pulse  period.  The 
single  channel  version  will  be  discussed  in  the  following.  As  in  a  sampled  data  sys¬ 
tem,  the  higher  the  pulse  frequency,  the  better  the  pulse  train  will  represent  the  error. 


The  single  channel  modulator  emits  a  pulse  whose  value  at  all  times  Is  either 
plus  or  minus  E.  A  typical  pulse  is  shown  in  figure  52.  The  average  value  of  the  pulse 
is  given  by  the  following  equation. 


e  ,(t) 

pi'  'average 


tt  +  T 


8  ,(t) 

pi'  'average 


2EF--[r]] 


(7-1) 


The  output  of  the  PWMX  modulator  with  a  given  input  waveform  is  shown  in 
figure  53. 


(a)  ERROR  SIGNAL 
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(b)A  TYPICAL  PULSE 
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Figure  52,  Single  PWM  Pulse  Error  Signal  at  t 


125 


(b)  PULSE  TRAIN  CORRESPONDING 
TO  ERROR  SIGNAL  IN  FIGURE  (a! 


Figure  53,  PWM  Pulse  Train  for  a  Varying  Error  Signal 


A  simple  PWMA  scheme  is  shown  in  figure  54.  The  four  transistors  2N383G 
form  a  power  bridge  which  controls  the  power  flow/  in  the  load.  Each  arm  of  the 
bridge  a  all  times  is  either  at  saturation  or  cut-off.  The  SN  3 55 A  amplifiers  each 
provide  two  outputs;  one  identical  to  the  input,  and  the  other  its  complement.  There¬ 
fore,  one  output  is  zero  while  the  other  is  positive.  These  SN  355A  units  drive  the 
power  bridge  which  controls  the  flow  of  load  current  as  shown  In  figure  55.  Referring 
to  this  diagram,  it  can  be  seen  that  is  zero  if  S |  and  S3  are  simultaneously  closed, 
or  if  S 2  and  S4  are  simultaneously  closed,  is  positive  as  shown,  if  S2  and  S3  are 
closed  while  S’  and  S4  are  open,  and  is  negative  when  S2  and  S3  are  open  with  Sj  and 
S4  closed. 

Operation  of  the  unit  is  described  as  follows.  The  2N3044  generator  provides  a 
symmetric,  linear,  triangular  waveform,  e^,  to  the  SN  5 23 A  amplifier.  This  ampli¬ 
fier  subtracts  the  DC  error  signal  from  the  triangular  waveform.  Whenever  this 
remainder  is  positive,  the  output  at  ej  saturates  at  a  positive  value,  while  ev  will  be 
saturated  to  a  negative  v;iiue.  When  (e^-errur)  is  negative,  oj  becomes  negative  and 
62  positive, 

the  signals  e<  and  e->  are  fed  to  two  SN  355A  amplifiers  which  provide  the  com  ¬ 
plements  of  ej  and  eg.  Thus,  from  one  unit  appears  o,  and  opy,  and  from  the  other 


'‘igure  54.  Single  Channel  Pulse  Width  Modulator 


+  28  VOLTS 


Figure  55.  Power  Bridge  and  Driving  Stages 


nnnenrs  en  and  e or.  These  signals  are  labelled  en,  el2,  e23,  e24  In  figure  54. 

These  four  voltages  drive  their  respective  legs  in  the  power  bridge,  thus  determining 
2Tm  current*  In  other  words.  8,  i»  Cosed  when  e„  is  po.lU»o  and  open  w£n  eu 
18  positive,  and  open  when  eu  is  negative.  S2  is  closed  when  e12  is  positive,  etc. 

Figure  56  Illustrates  waveforms  for  zero  and  figure  57  illustrates  positive  DC 
error  signals. 

7.3  DUAL  CHANNEL  FWM 

PWM-  and  PWMi  have  Identical  goals,  with  different  methods  of  achieving  thorn. 
In  each  can^.  It  Is  desired  to  produce  an  average  value  of  load  current  proportional  to 
the  error  signal. 
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Figure  56.  Zero  Error  Waveforms 


The  dual  channel  modulator  emits  a  pulse  of  one  polarity  over  one  pulse  period. 
A  typical  pulse  is  shown  in  figure  58.  The  average  value  of  the  pulse  is  given  in  the 
following  equation: 


o  At) 

pi  average 


5  / 


t  +  T 


epi(t)dt  «  E  L 
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Figure  57.  Positive  Error  Signal  Waveforms 


The  output  of  the  modulator  under  a  given  error  signal  is  shown  in  Figure  59. 

A  configuration  which  will  accomplish  PWM2  Is  shown  in  figure  60.  The  network 
composed  of  Qj,  Q2>  Q3»  Q4  18  the  power  switch  section,  while  the  four  operational 
amplifiers  and  2N3044  wave  generator  comprise  the  modulator  and  driver  stage. 


i*,--  ' 
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(a)  ERROR  SIGNAL 


-E 


t,  t,+T T+t,  t 
(b)  A  TYPICAL  PULSE 


4- 


Figure  58.  Single  PWM  Pulse  —  Error  Signal  at 


(b)  PULSE  TRAIN  CORRESPONDING  TO 
ERROR  SIGNAL 


Figure  5‘J.  PWM  Pulse  Train  for  a  Varying  Error  Signal 


Operation  of  the  unit  is  described  below.  Transformer  Tj  supplies  the  triangu¬ 
lar  wave  to  the  two  SN  524A  amplifiers,  180°  out  of  phase.  The  error  signal  is  added 
to  these  two  signals  by  means  of  the  CT  on  the  transformer  secondary,  and  the  sum  is 
applied  to  the  two  SN  52 4A  inputs.  Each  SN  524A  module  supplies  a  two  valued  output. 
In  amplifier  No.  1,  the  output  o.j  is  saturated  positive  when  >  0  and  is  negativo 
whon  Oj  <  0.  In  the  other  unit, 'No.  2,  c4  is  positive  when  Og  is  negative,  and  e4  is 
saturated  negativo  when  e2  >  0.  These  two  signals,  e^  and  e4,  are  applied  to  the  two 
SN  355A  amplifiers,  in  which  their  complements  are  formed.  Hence,  from  Unit  No.  1 
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Figure  60.  Schematic  -  Dual  Channel  Pulse  Width  Modulator 


issues  forth  eg  =  e3  and  eg  =  e3<  where  eg''  is  the  complement  of  e3.  From  Unit  No.  2 
comes  =  64,  and  =  e^ .  These  signals  are  used  to  drive  the  power  bridge  and 
thus  control  the  load  current.  Operation  of  the  bridge  section  Is  the  same  as  the  PWM 
bridge. 

Figures  61  and  62  show  waveforms  with  zero  and  positive  error  signals,  re¬ 
spectively. 


Figure  61.  Zero  Error  Waveforms 
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Figure  62.  Positive  Error  Waveforms 


7.4  ON-OFF  CONTROLLER 

On-Off  or  Bang-Bang  control  Is  a  method  whereby  maximum  output  is  demanded 
of  an  actuator  at  all  times.  The  output  of  the  controller  assumes  two  levels  only,  ±M. 
The  greatest  advantage  of  such  a  system  is  its  inherent  simplicity;  such  systems, 
however,  are  also  prone  to  limit  cycling  or  even  instability.  A  typical  system  is 
shown  in  figure  63.  The  characteristic  of  an  ideal  driver  is  shown  in  figure  64.  In 
practice,  a  deadband  region  will  exist  near  null,  and  this  characteristic  appears  in 
figure  65.  The  size  of  the  deadband  region  of  the  controller  can  be  reduced  by  insert¬ 
ing  a  high  gain  device  between  the  summing  Junction  and  polarity  detector. 
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Figure  64.  Ideal  Controller  Characteristics 


Figure  65.  Controller  Characteristics  With  Dead  Band 


A  Dang -Bang  controller  will  be  considered  In  a  torquer  system  operating  under 
various  modes;,  (i.e.,  Basic  Rate,  Cross  Coupled  Rate,  Position,  Torque,  and  Com¬ 
pensated  Rate)  as  its  applicability  in  each  mode  is  to  be  determined.  In  the  following 
discussion,  "ideal"  switching  will  be  assumed  in  all  cases. 

7.4.1  Basic  Rate 

Consider  a  glmbal  velocity  servo  with  inertial  loading  and  neglect  cross 
coupling  torques,  (i.e.,  assume  motor  torque»gyro  torque),  as  shown  in  figure  66. 
This  can  be  reduced  to  figure  67  where  G(s)  is  given  by  equation  7-1. 


^TY 

0(8)  =  (LyS  +  Ry)»frSN  *  Ly>frN 

1  +  ^Y^Yl  „  Ry  „  ,  ^Y^Yl 

(LyS  +  Ry)VlSN  8  +  Ly  Ly.fr  N 

1 

G(s)  =  KVY1  “'n  (7-1) 

S2  +  2f«  S  +  u  2 
n  n 

where 

wn  =  ^/^TY^VYl  (7-2) 

If  LytflN 

r  -  /  rfiN 

2  V  L,yKTYKVYl  (7-3) 
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Figure  C6.  An  ON-OFF  Rate  Control  System 
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Figure  67.  A  Simplified  ON-OFF  Hate  System 


The  response  of  figure  67  to  a  step  input  is  given  by  considering  the  time 
domain  equation  7-4. 


0  +  2fw 
n 


0  +  W  0  -  dfc 


n 


^VYl  " 


M 


(7-4) 


The  phase  plane  trajectories  in  each  case,  (±M),  are  given  by  spirals 
converging  on  ±  M  .  The  transition  from  one  set  of  spirals  to  the  other  occurs 

KVY1 


when  e(t)  =  O.  This  implies 


VIW'° 

or  (7-5) 

0  =  ey 
KVY2 


A  sketch  of  the  phase  plane  trajectory  is  shown  in  figure  68 . 

It  should  be  noted  that  the  output  of  the  controller  is  ±M.  The  motor  will 
respond  to  +M  signal  to  yield  a  steady-state  speed  +<*»q.  In  order  to  retain  control, 
the  commanded  speed  ey  must  be  less  than  u  q 

KVY2 


or 

M<l  'Wo 


(7-6) 
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Figure  08.  Phase  Plane  Trajectory  for  Standard  ON-OFF  System 


7.4.2  Position  Repeating  System 

A  position  repeating  system  is  shown  in  figure  69. 


„  2 
Km? 

G(8)  =  S(S2  +  2r«,S  +«,2> 

Wy  and  f  are  given  in  Equations  (7-2)  and  (7-3)  and 

K  =  - - .  K  K  =  gain  of  integrator 

■Styi  p  p 

Here  the  system  is  low  pass,  and  a  describing  function  analysis  will  be  used, 
of  the  controller  is  given  in  Equation  7-9. 


(7-7) 


(7-8) 

The  DF 
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Figure  69.  A  Position  Repeating  System 


4M 

N(E)  =  »E 

where  M  =  max.  output  of  controller 


(7-9) 


E  =  max.  sinusoid  input  to  controller 

A  polar  plot  of  G^Jm)  is  shown  in  figure  70.  Super-imposed  on  this  plot 
is  a  locus  of  -  1  as  E  varies  from  zero  to  inifintty.  It  is  known  that  a  limit  cycle 

N(E) 

will  exist  at  the  intersection  of  these  two  loci. 


Flguro  70.  Polar  Plot  of  Gj  (j«)  and  {3^  (j«) 
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results . 


An  examination  of  figure  70  and  Equation  (7-7)  will  yield  the  following 


Frequency  of  limit  cycle  »  j 
where  Arg  =  180° 


Arg 


°l««i>  =  Ar*{  TT—T  * -  | 


+  90*  =  180* 


Solving  for  yields 


The  amplitude  of  oscillation  is  given  by  Equation  (7-12). 

_L 
Ry 


*T  V  Kj. 


A  -  G1<N>  - 

Combining  these  results  yields  the  following  results. 

Ly 

limit  cycle  amplitude  =  Ry  t 
limit  cycle  freq.  = 


«  =  +JK7'iKVYl 

1  Ly  ^IN 


(7-10) 


(7-11) 


(7-12) 


(7-13) 


7.4.3  Torque  Mode 

A  torque  mode  system,  neglecting  cross-coupling  torque  is  shown  in 
figure  71.  In  order  to  derive  the  torque  transfer  function  of  the  motor,  consider 
figure  72. 


T  -=  Kla  (7-14) 

m  ' 


Vb  =  KbS* 


(7-15) 


e(t) 

-- 

MOTOR 

Tm> 

— 

Figure  71.  ON-OFF  Controller  in  Torque  Mode 
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Figure  72.  Equivalent  Circuit  of  Torque  Motor 


r  _  E(b)  -  Vb(a)  _  E  KbS* 

a  ‘  Ra  +  SLa  ~  Ra  +  SLa  ~  Ra  +  SLa 

KE  KKbS" 

T  (s)  =  Ra  +  SLa  -  Ra  +  SLa 
m 

In  the  torque  mode,  Soc^O  (motor  does  not  appreciably  turn) 


(7-16) 

(7-17) 


•  • 


T  (8) 
m 


K£(s) 
Ra  +  SLa 


m. 

If  e(t)  =  Mu(t);  E(s)  =  S 
KM 

then  Tm(s)  =  (Ra  +  SLa)S 


(7-18) 


(7-19) 


KM 

will  approach  Ra  exponentially. 

KM 

If  it  is  desired  to  develop  a  torque  other  than  Ra,  it  will  be  necessary  to  switch  the 
input  signal  polarity,  so  that  a  torque  of  the  desired  value  will  be  developed.  A  typical 
set  of  waveforms  is  shown  in  figure  73.  If  the  switching  is  done  fast  enough,  the  sys¬ 
tem  will  not  have  time  to  react  appreciably  and  an  almost  constant  torque  will  be 
developed. 

7.4.4  Compensated  Rate 

Operation  in  this  mode  will  be  essentially  tho  same  as  in  the  basic  rate 
mode,  except  that  in  this  case  the  input  velocity  command  will  not  be  a  step  function. 
Thus  ON-OFF  controls  seems  applicable  in  this  case. 
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(a)  POSSIBLE  INPUT  SIGNAL 
WAVEFORM 


(b)  RESPONSE  TORQUE 

Figure  73.  Response  Torque  for  Command  Voltage  to  the  Torque  Winding 
7.4.5  Cross  Compensated  Rate 

By  reference  to  figure  74,  it  is  seen  that  a  signal  proportional  to  0  is 
subtracted  from  the  input.  The  controller  senses  the  polarity  of  (ey  -  KyY20)-  Thus, 
it  operates  like  rate  mode  except  input  is  not  step  signal.  ON-OFF  control,  here  too, 
seems  applicable. 

The  previous  discussion  shows  the  extent  of  applicability  of  ON-OFF  con¬ 
trollers  in  various  modes.  In  all  Instances,  the  controller  could  be  of  the  same  basic 
construction. 


A  configuration  which  possesses  ON-OFF  characteristics  Is  shown  in 
figure  75.  The  four  2N3836  transistors  form  a  power  switch  which  is  driven  by  the 
SN  355A  amplifiers.  BothMA  709  amplifiers  are  run  open  loop  and  hence  saturate. 
Thus  will  be  at  ±  ej(sat)  depending  on  the  polarity  of  the  error  signal  e.  62  is  an 
inversion  of  o..  (i.e.,  62  is  +  when  ej  is  — ,  etc.)  The  SN  355A  amplifiers  each  pro¬ 
vide  two  complementary  outputs,  ejj  is  identical  to  ej,  and  e\2  is  Us  complement 
(i.o.,  ei2  is  +  when  e^j  is  — ,  and  vice  versa).  e23  is  similar  to  03  and  624  is  its 
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complement.  These  four  voltages  turn  ON  their  respective  legs  of  the  bridge  and  de¬ 
termine  the  load  current.  Typical  waveforms  are  shown  in  figure  76.  All  voltages 
saturate,  ej  and  e2  at  the  +  or  -  saturation  level  of  thejtA  709,  and  6n®i2e23e24 
saturating  at  the  max.  output  levels  of  the  SN  355A  amplifier. 


Figure  74.  ON-OFF  Cross  Compensated  Rate  System 


Figure  75.  Solid  State  ON-OFF 
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Figure  76.  ON-OFF  Waveforms 


7.5  TWO  LEVEL  ON-OFF  CONTROLLERS 

A  two  valued  ON-OFF  controller  Is  similar  to  the  single  valued  ON-OFF  con¬ 
troller,  except  that  there  are  two  levels  of  command  signal  available,  ±Mj  and  ±M2. 
An  ideal  controller  characteristic  is  shown  in  figure  77  and  a  characteristic  with  dead¬ 
band  is  seen  in  figure  78.  As  in  the  single  valued  case,  the  deadband  can  be  reduced 
by  a  high  gain  placed  before  the  polarity  detector.  In  the  two  level  controller,  the 
change  from  Mj  and  M2  occurs  at  some  predetermined  value  of  input  signal. 
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m(t) 


Figure  78.  Two  Level  Controller  With  Dead  Band 


The  analysis  and  operation  of  two  level  controllers  is  similar  to  that  of  single 
valued  controllers.  A  two-level  rate  control  system  is  shown  in  figure  79. 


Here, 


G(s) 


2  2 
S  +  S 


(7-1) 


as  in  the  single  valued  case . 
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Figure  79.  2-Level  ON-OFF  Rate  Control  System 


This  transfer  function,  with  a  constant  input,  E,  will  correspond  to  a  differential 
equation  of  the  following  form. 


ft*2 s  i  +  ^=ekvyi 


The  phase  plane  trajectory  of  this  linear  differential  equation  is  a  spiral  (assum¬ 
ing  0<  f<l)  about  the  point  (K#rrp  O)  in  the  0-0  phase  piano. 

In  this  controller,  the  input  t:>  the  motor  can  assume  four  levels,  ±Mj,  ±M2- 

Thus,  there  are  four  separate  sets  of  spirals  In  the  0  -  0  plane  converging  on  the 

four  points  jffiJL.,.,  *M2  .  The  construction  of  the  phase  plane  trajectory  becomes  that 
KvyI  Ky y2- 

of  determining  which  set  of  spirals  the  system  is  operating  on  in  any  given  region  of 
the  phase  plane.  When  (ey  -  KyY20)  is  greater  than  Vj,  the  controller  applies  +M2  to 
the  motor.  When  G<(ey  -  KyY2d)<Vi,  the  motor  input  is  +Mj.  Similarity,  -V2< 

(ey  -  T^;v2/j)<0  applies  -Mj  to  the  motor,  and  (ey  -  KVy2^K~V2  wlil  In  -M2 

applied  a'  the  motor  input. 

The  phase  plane  trajectory  assuming  Mj  -  “jr  and  |  VjJ  =  j  V2  j  is  sketched  in 
figure  80.  The  response  in  this  case  is  slower  than  that  of  the  single  valued  on-off 
controller,  however,  this  system  seems  less  subject  to  disturbance  near  null  than  its 
single  valued  counterpart. 


In  Region  I, 

(ey  -  KVY2/j)>  Vj,  t.i  (t)  =  +M  j 
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Figure  80.  Phase  Plane  Trajectory  for  2  Level  ON-OFF 
Controller  With  2nd  Order  System 


O  < (ey  -  KVy2/3)<V],  m(t)  =  2 


In  Region  II, 


In  Region  III, 


-Vl<  (®y  “  Kyyg/j)  <  O 


In  Region  IV, 

(ey  “  kVY2&)<  "vi 


A  configuration  which  has  two  level  ON-OFF  controller  characteristics  as  shown 
in  figure  81.  The  switch  section  containing  the  four  2N3836  transistors,  2-SN355A  and 
2-pA  709  amplifiers  is  identical  with  the  single-valued  controller.  In  addition,  two  pA 
709  units  are  used  as  level  detectors.  When  e>Vj,  e3  saturates  at  e3(+sat).  This 
turns  Qj^  -  Q2  ON,  and  applies  B+  to  the  bridge.  In  addition,  Q3  is  turned  ON,  whioh 
prevents  Q4-Q5  from  switching  on.  As  e  decreases  such  that  0<e<V, ,  e3  goes  nega¬ 
tive  to  e3^_sat,  turning  off  This  also  turns  Q3  off  which  then  allows  Q4Q5  to 

turn  on,  applying  B+/2  to  the  bridge.  As  e  goes  negative,  a  point  is  reached  when 
e  <-V2.  At  this  point  e4  saturates  at  e4^+8at),  turning  on  Q1Q2Q3.  This  applies  B+ 
to  the  switch  section. 

The  zener  diodes  are  used  to  prevent  damage  to  Qj^  and  Q3,  while  the  signal 
diodes  in  the  base  circuits  of  Qj  and  Q3  are  used  for  isolation. 

7.6  PULSE  AMPLITUDE  MODULATOR 

In  pulse -amplitude  modulation  the  information  carrier  is  the  amplitude  of  a  pulse 
whose  repetition  rate  and  width  are  fixed.  The  PAM  scheme  in  this  report  uses  a 
pulse  generator  to  generate  a  fixed  frequency  pulse  carrier,  the  amplitude  of  which 
increases  or  decreases  in  accordance  with  input  signal  (signal  positive  or  negative). 
The  output  of  this  scheme  is  referred  to  as  double -polarity,  amplitude-modulated 
pulses  (See  figure  82). 

If  the  pulse  frequency  is  sufficiently  high,  the  response  of  a  load  device  to  the 
pulse  train  will  be  the  same  as  if  a  continuous  signal  of  magnitude  equal  to  the  average 
value  of  the  pulse  train  were  applied.  Therefore  PAM  can  be  used  to  amplify  slowly 
varying  DC  signals. 
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Figure  81  Schematic  Solid  State  ON-OF'f  With  Gain  Change 
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Figure  82.  Equivalent  PAM  SyBtem 


A  block  diagram  of  a  possible  double -polarity  PAM  is  shown  in  figure  83.  The 
pulse  direction  through  the  load  is  determined  by  the  steering  logic,  and  the  magnitude 
of  each  pulse  is  the  magnitude  of  the  amplifier  output  signal  for  the  pulse  duration. 

This  system  is  analogous  to  a  sample-data  system  where  the  analog  signal  is  amplified 
and  then  sampled  by  a  finite  duration  sampler  (See  figure  82),  A  Schematic  diagram  of 
the  system  in  figure  83  is  shown  in  figure  84. 

7 . 7  PULSE  FREQUENCY  MODULATOR 

In  pulse-frequency  modulation,  the  information  carrier  is  the  time  between  the 
emission  of  two  pulses  of  Identical  shape  and  amplitude.  A  common  feature  of  all 
pulse-frequency  modulated  schemes  is  that  their  input  has  to  be  observed  for  a  finite 
time  before  the  emission  of  a  pulse  is  decided.  The  simplest  way  to  implement  this  is 
to  integrate  the  input  and  decide  on  the  emission  of  a  pulse  by  observing  the  value  of 
the  integral  at  certain  times  (delta  modulation)  or  when  it  reaches  a  specific  level 
(integral  pulse -frequency  modulation  or  IPFM). 

If  the  pulse  frequency  is  sufficiently  high,  the  response  of  a  load  device  to  the 
pulee  train  will  be  the  same  as  if  a  continuous  signal  of  magnitude  equal  to  the  average 
value  of  the  pulse  train  were  applied.  Therefore  a  PFM  can  be  used  as  a  controller 
for  a  dc  device.  Incremental  servos,  or  stepper  motors  are  also  natural  candidates 
for  puloo  frequency  control.  Pulse  frequency  modulation  can  also  bo  used  in  tho  con¬ 
trol  of  threo  phase  motors. 


15C 


(,  ’ 


Figure  83.  Pulse  Amplitude  Modulator  -  Double  Polarity 


An  integral  pulse -frequency  modulator  system  is  shown  In  figure  85  and  figure 
86.  The  voltage  to  frequency  converter  output  is  a  train  of  spikes  at  a  frequency  de¬ 
termined  by  the  integral  of  the  input  signal.  This  stage  is  followed  by  a  monostable 
flip-flop  (one-ahot)  which  generates  the  desired  pulse  height  and  width.  The  converter 
operates  on  positive  inputs  and  therefore  is  preceded  by  an  absolute  value  circuit. 

The  steering  logic  routes  the  one-shot  output  to  the  proper  side  of  the  power  bridge. 

A  voltage  to  frequency  converter  is  shown  in  figure  87.  This  circuit  has  been 
temperature  tested  from  20°C  to  55°C  for  the  NASA  Langley  CMG  and  found  to  be 
accurate  to  within  1.3%.  The  operation  is  as  follows: 

A  positive  step  voltage  applied  to  A1  produces  a  negative  going  ramp  at  the  input 
of  A2.  Until  the  negative  ramp  voltage  reaches  a  fixed  threshold  value,  a  negative 
voltage  appears  at  the  base  of  Q2  and  keeps  the  transistor  on,  thereby  producing  zero 
volts  at  capacitor  C2.  When  the  input  to  A2  exceeds  the  threshold  value,  a  positive 
voltage  appears  at  the  base  of  Q2  which  turns  the  transistor  off  and  -C  volts  appears 
at  C2.  This  voltage  is  fed  back  to  the  field  effect  transistor  Q1  (across  Al)  which 
shorts  out  capacitor  Cl.  Therefore  the  input  to  A2  is  switched  back  to  a  less  negative 
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Figure  84.  Schematic  -  Pulse  Amplitude  Modulator 
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Figure  85.  Block  Diagram  -  IPFM  With  Input  and  Output  Wave  Shapes 


voltage  and  transistor  Q2  is  turned  on  again,  and  so  on.  Typical  wave  shapes  are 
shown  in  figure  88. 

The  product  Twf„  or  duty  ratio  versus  input  magnitude  Is  shown  in  figure  89; 

Tw  is  pulse  width  and  fp  is  pulse  frequency.  Saturation  occurs  at  Tw*p  =1  where  the 
pulse  period  is  equal  to  the  pulse  width.  At  zero  input,  fp=0  and  therefore  Twfp=0. 

An  integral  pulse-frequency  modulator  can  accurately  amplify  DC  or  low  fre¬ 
quency  signals  with  high  efficiency.  High  efficiency  because  power  amplification  is 
accomplished  in  the  power  bridge  where  efficiency  approaches  90%.  IPFM  also  pre¬ 
sents  a  high  degree  of  noise  immunity;  and  can  be  used  in  control  systems  where  cer¬ 
tain  parts  are  contaminated  by  strong  noise.  If  the  IPFM  is  to  be  used  to  control  a  DC 
motor,  one  can  suspect  that,  at  low  input  signals  where  the  pulse  frequency  is  low,  the 
DC  motor  will  attempt  to  follow  at  the  pulse  rate.  Limit  cycles  therefore  are  probable. 
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Figure  86.  Schematic  -  Pulse-Frequency  Modulation 
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Figure  88.  Wave  Shapes  From  V/F  Convertor  to  Power  Bridge 


7.8  DELTA  MODULATION  j 

A  delta  modulator  system  is  shown  in  figure  90.  Block  Al  itself  is  a  delta  mod-  1 

ulator.  Block  A 2  is  the  required  steering  logic  to  operate  the  power  bridge,  where 
the  power  amplification  is  accomplished.  The  operation  of  the  modulator  (Al)  is  as 
follows . 

Assume  a  zero  error  signal  and  the  Instantaneous  output  voltage  of  the  high  gain 
difforenco  amplifier  to  be  positive.  The  output  Is  fed  back  positively  through  R^,  1 

thereby  keeping  the  difference  input  negative  with  respect  to  ground  as  the  capacitor  C  j 

charges  to  a  positive  value.  The  amplifier  is  therefore  driven  to  saturation  and  the 
output  voltage  is  fixed  by  the  zenor  diodes.  At  the  clock  pulse  the  output  is  shorted  to 
ground  and  Instantaneously  the  difference  input  is  the  voltage  acros3  the  capacitor  C 
which  is  posttlvo,  causing  the  amplifier  output  to  invert  to  a  negative  fixed  voltage. 

Capacitor  C  then  charges  toward  a  negative  value  until  the  next  clock  pulse  occurs. 

The  process  is  continued  as  illustrated  in  figure  91.  At  zero  error  signal,  the  output 
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Figure  89.  Duty  Ratio  Versus  Input  Magnitude 

of  the  delta  modulator  '\1)  is  a  train  of  square  waves  whose  repetition  rate  iB  one  half 
the  clock  rate  and  the  pulse  width  la  equal  to  the  clock  time  t8.  The  operation  of 
blocks  A2  and  A3  is  as  follows: 

The  flip-flop  state  is  identical  to  its  input,  and  can  change  its  state  at  clock 
times.  Therefore  the  "and"  gate  outputs  e0l  and  eo2  are  high  for  two  consecutive 
+5  volt  pulses  and  -5  volt  pulses  at  the  modulator  output,  respectively.  At  zero  error 
signal  neither  "and"  gate  is  high,  thus  the  power  bridge  is  inoperative.  Note  that  the 
first  pulse  in  a  consecutive  sequence  is  always  lost  in  the  steering  logic. 

In  figures  92  and  93,  voltage  patterns  resulting  from  positive  error  signals  of 
1.0  vc it  and  0.5  volts  respectively  are  illustrated.  The  illustrations  are  based  on 
zener  breakdown  voltages  of  5  volts,  R  =  R|  and  a  clock  time,  ts,  of  1/100  of  the  time 
constant,  r  =  RfRC  t  To  insure  correct  operation,  the  capacitor  voltage  should  be 
R+Rf 

kept  very  much  smaller  than  the  zener  breakdown  voltage.  This  is  accomplished  by 
setting  the  clock  time  very  much  smaller  than  the  time  constant,  r  .  The  following 
relations  were  used  as  a  guide  in  drawing  figures  91  through  93. 

t8  =  . 01 r 
*8”'Vs/vf 

! 
!>. 
I 

t 
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Figure  90.  Schematic  -  Delta  Modulator  System 
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Figure  91.  Voltage  Wave  Shapes  -  Zero  Error  Signal 


where  V  ,  is  the  fiaal  voltage  the  capacitor  can  charge  to  and  Vs  is  the  voltage  at 
clock  time.  The  above  equations  yield  Vs  .01  Vj.  Vj-  is  the  total  change  in  capaci¬ 
tor  voltage  —  from  the  voltage  at  clock  time  to  the  final  voltage  from  zero  it  can 
reach  if  allowed  to  fully  charge.  Letting  Vs  (i)  represent  the  capacitor  voltage  at  the 
previous  clock  time  and  Ef  represent  the  final  voltage  from  zero  reference,  the  follow¬ 
ing  is  true: 

Vg(i+1)  -.99  j  V8(i)  |  +  .01  |  Ef  |  if  Vs(i)<0 


and 


Vs(i- 1) 
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Figure  92.  Voltage  Patterns  for  Error  Signal  of  1  Volt 


In  figures  91,  92,  &  93  the  slopes  are  assumed  to  be  constant  and  equal  to 
.01  Ef /clock  time.  E£  from  figure  90  is 

Ez  R  +  E  Rf 
R  +  Rf  R  +  Rf 

Note  that  the  pulse  width  changes  in  multiples  of  clock  times.  The  dc  component  of  the 
train  of  pulses  can  be  found  from  noting  the  number  of  positive  and  negative  pulses  in  a 
porlod.  The  relation  is  as  follows: 

dc  (out)  -  E(max)  P-N 
P+N 
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Figure  93.  Voltage  Pattern  For  An  Error  Signal  of  0.5  Volts 

In  figure  93  a  dc  component  of  0.5  volts  is  desired  -  i.e.  1/10  of  5  volts. 
Therefore  P-N  -  JL_  =  11-9.  That  is  to  say,  to  obtain  a  dc  component  of  0.5  volts, 
P+N  10  11+9 

a  period  of  20  clock  times  is  required  with  11  pulses  up  and  9  down.  In  our  example 
we  want  -0.5  volts  so  reverse  the  order  -9  up  and  11  down.  Consider  now  a  dc  com¬ 
ponent  of  0.25  volts  or  5/20,  then  P-N  -  1__  =  21-19.  Here  a  period  of  40  clock  times 

P+N  20  21+19 

is  needed  made  up  of  21  positive  pulses  and  19  negativo  pulses.  As  the  error  signal 
decreases  the  pulse  frequency  decreases. 


A  necessary  condition  to  insure  the  capacitor  polarity  follows  that  of  the  zener 
voltage  Er/  is 


ElRf  <E?R 


El<  JL  Ey 

Rf 


For  R£  -  2R  and  a  dc  input  of  0.5  volts,  the  pulse  period  would  bo  that  of  figure  93. 
Thus  for  the  same  input,  the  pulse  frequency  has  increased  at  the  expense  of  losing 
allowable  input  rango. 
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SECTION  vm 


CONTROLLER  EVALUATION 


In  this  section,  each  controller  will  be  quantatively  evaluated  as  to  power 
consumption,  •  efficiency,  reliability,  weight,  volume,  and  threshold.  The  purpose 
of  these  calculations  is  to  provide  data  with  which  to  perform  an  optimization  of  the 
complete  actuator.  Each  candidate  controller  will  be  considered  separately,  and 
appropriate  calculations  will  be  outlined.  In  each  case,  a  torque  motor  load  will  be 
assumed  with  parameters  as  given  below  in  Table  XXII. 

TABLE  XXn 


BRIEF  SUMMARY  OF  ACTUATOR  CHARACTERISTICS 


H 

N 

T 

m 

DC  Torque  r 

R 

m 

(ft-lb-sec) 

(Gear  ratio) 

(ft -lbs) 

(Inland  Corp) 

(ohms) 

200 

35 

1.0 

T-4036D 

11.0 

500 

50 

1.75 

T-5134D 

10.1 

1000 

60 

2.92 

T-5730D 

8.5 

1500 

60 

4.38 

T-7202G 

7.25 

2000 

75 

4.66 

T-7202G 

7.25 

8. 1  POWER  AND  EFFICIENCY 

In  many  of  the  discussions  in  Section  VII,  a  purely  resistive  load  was  assumed 
in  order  not  to  obscure  the  basic  operation  of  each  controller.  In  actuality,  the  load 
is  more  precisely  represented  by  an  R-L  network,  since  the  load  is  a  DC  motor.  The 
effects  of  the  armature  inductance  must  be  considered. 

In  all  of  the  pulse  techniques,  the  motor  Is  driven  by  a  pulse  train.  Under 
constant  error  conditions,  the  input  to  the  actuator  is  a  periodic  wave  and  can  be 
represented  by  its  Fourier  series. 


m(t) 


oo 

Eoo  e 

n  -  -oo 


in  w  t 
o 


(8-1) 
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1.' 


whc  re 


T  =  pulse  period 


•a 
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00 


n 


2  t 

T 


C+T 


m(t)e 


-inw 


t 

o 


dt 


C 


Expressing  m  (t )  in  a  sin-cos  expansion, 


m(t) 


CO 


n=l 


a  cos  nu  t 
n  o 


00 

+  X  ^  b  sin  nw  t 

Zj  n 

n  =  1 


The  motor  torque  is  given  by 


T  (S) 
m 


K 

rES  +  I 


M(S) 


(8-2) 


(8-3) 


From  equation  (8-2),  It  can  he  seen  that  the  motor  input  contains  frequency  components 
at  oi=  nwQ  n  =  0,  1,  2,  3 . 

The  characteristic  of  the  motor  (equation  8-3)  is  essentially  that  of  a  low  pass  filter. 
Hence,  If  o>q  (the  lowest  frequency  present  in  the  input)  is  much  higher  than  the  cut¬ 
off  frequency  of  the  motor  (  u  -  — — ) ,  the  motor  torque  will  be  in  response  to 

C  TE 

the  DC  term,  aQ  .  It  is  desirable,  when  driving  a  DC  motor,  that  the  pulse  frequency, 

,  be  much  higher  than  the  cutoff  frequency  of  the  motor.  One  cannot  set  the  pulse 

frequency  arbitrarily  high,  however,  since  transients  reflecting  back  to  the  power 
source  would  necessitate  heavy  decoupling.  For  the  torque  motors  considered. 


r  a  0.002  sec  or  f  =- — 
E  •  C  2tr 


=  79.6  CPS. 


E 


A  reasonable  approximation  is  to  set 

^  1  1 
T  "To"  7“  or  fP 

C  r 


=  ~  769  CPS. 
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Since  the  load  is  not  purely  realative,  the  motor  current,  Inatead  of  being  a 
aeries  of  square  pulses,  now  becomes  a  aeries  of  pieces  of  exponentials  as  shown  in 
figure  94.  Provision  for  translator  protection  in  the  power  awitch  must  be  provided 
by  power  diodes.  Consider  the  power  switch  shown  in  figure  95  with  Qj  and  Q4 
conducting.  A  current  iL  will  flow  as  shown.  When  the  inputs  to  Qj  and  Q4  are  re¬ 
moved,  as  at  the  end  of  a  pulse,  the  motor  inductance  will  prevent  the  current  from 
dropping  to  zero.  Thus,  current  will  continue  to  flow  in  the  iL  direction.  The  cur¬ 
rent  path  during  this  time  period  is,  as  shown  in  figure  95,  flowing  through  diodes 
D2  and  D3. 

When  Qj  and  Q4  are  ON,  the  motor  current  will  exponentially  approach  the 

value, 


r  _  (Power  Supply  Voltage)  -  (Power  Switch  Drop) 
p  (Motor  Resistance)  ' 

During  the  period  when  and  Q4  are  OFF,  and  D2-D3  are  ON,  the  load  is  effec¬ 
tively  connected  to  -28  volts,  and  the  load  current  will  exponentially  approach  -  Ip. 

In  steady  state,  the  current  will  hover  about  the  desired  average  value  of  current  as 
shown  in  figure  94. 

In  this  section,  a  power  consumption  and  efficiency  analysis  will  be  presented.  Power 
consumption  calculations  will  be  outlined  for  each  controller. 


Figure  94.  I.oad  Current  vs  Time  For  Step  Error  Input 


164 


8.1 


where: 


.  1  Motor  Power 

The  average  value  of  motor  power  is  given  by: 

2 

p  =  I  R  (watts) 
m  m  m 

I  *  average  current  required  to  develop  desired  torque 
m 

r  =  DC  torque r  resistance 


65 
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If  this  unit  Is  operated  under  duty  cycle,  the  power  consumption  Is 

P  =  0.128  I  2  R  =  I  2  R 

m  max  m  av  m 

P  =  0.128(43.1)  a  5.52  wattB 

m 


8.1.2  Bridge  Power 


The  bridge  power  consumption  is  the  same  in  six  out  of  eight  controllers. 
In  these  controllers  (PWMj,  PWM2,  ON-OFF,  ON-OFF  VG,  PFM,  DELTA  MOD. ), 
the  bridge  components  are  saturated  or  cut-off.  In  order  to  calculate  power  consump¬ 
tion,  assume  that  the  motor  current  will  flow  through  two  seml-oonductora  at  all 
times.  (See  figure  95).  Assuming  a  1.  5  volt  drop  in  each  semi-conductor,  the  power 
lost  In  the  bridge  will  be: 


For  example: 


B 


2(1.5)  I  =31 
m  m 


T  =  175  ft -lbs 

I  =  2.25  amps 
max 

P_  =  3(2.25)  =  6.75  watts 

B 


The  electronics  power  was  estimated  at  250  mw  per  integrated  circuit.  Individual 
estimates  for  the  controllers  are  given  below. 


PWM^ 

4  modules  at  250  mw 

1.0  watt 

PWM2: 

5  modules  at  250  mw 

1.3  watt 

ON-OFF: 

4  modules  at  250  mw 

1.0  watt 

ON-OFF  VG: 

6  modules  at  250  mw 

1  power  diode  . 

1  power  transistor  / 

3.1  I 

m 

2  low  power  transistor 

or 

P  =  1. 5+3.1  I 

max 

=  1.5+  (3.1)  (2.25) 

=  8.47  watts 
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PFM: 


6  modules  at  250  mw 


1 . 5  watts 


DELTA: 


300  mw 


In  calculating  the  power  consumption  In  the  DC  proportional  and  PAM  controllers,  a 
simplifying  assumption  was  made.  Since  a  portion  of  the  bridge  is  operated  in  its 
active  region,  the  power  consumed  in  the  bridge  Itself  was  assumed  to  be  much 
greater  than  the  power  consumed  In  the  remaining  components.  Total  bridge  power 
Is  given  by: 

P  <=  El  (8-11) 

m 

where 

E  *=  supply  voltage 

I  =  average  motor  current 

m 

Thus,  for  the  H  «  1000  ft -lb-sec  case, 


T  =  175  ft-lbs 

I  =  2.25  amp 

max 


P  =  (28)  (2.25)  =  63.0  watts 


8.1.3  Efficiency 

Controller  efficiency  was  calculated  according  to  the  following  relation. 


«5  = 

efficiency  -  x  100 

*total 

PWMj 

controller  pmotor 

=  43.1  watts 

T 

175  ft-lbs  Ptotal 

=  50.9  " 

H 

1000  ft-lb-sec 

n  = 

fo.l  *  100  ■  84 -r;' 
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In  Tabic  XXIII  Is  shown  the  power  consumption  of  each  controller  oper¬ 
ating  at  full  torque,  and  under  the  specified  duty  cycle.  Table  XXTV  gives  efficiencies 
based  upon  the  data  In  Table  XXIII.  Figures  96  and  97  show  curves  of  power  con¬ 
sumption  and  efficiency  for  each  controller  plotted  versus  torque  and  CMC  size. 

8.  2  WEIGHT  AND  VOLUME  ESTIMATION 

Weights  and  volumes  of  the  controller  electronics  are  presents!  In  this  para¬ 
graph.  It  was  found  that  weight  and  volume  requirements  of  the  associated  elec¬ 
tronics  components  in  the  controller  section  remained  relatively  constant.  Independent 
of  CMG  size. 

Since  the  controller  weight  and  size  was  assumed  independent  of  CMG  size,  one 
estimate  of  these  parameters  for  each  controller  type  was  made.  These  ure  pre¬ 
sented  in  Tablo  XXV.  . 

to 


< 


TORQUE  (FT.  LBS) 


o  0  200  500  1000  1500  2000 

CMG  SIZE  (FT. LB  SEC) 

Figure  96.  Controller  Power  Consumption  vs  Torque  and  CMG  Size 
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TABLE  XXIV 


4' 
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^.3  RELIABILITY 


Each  controller  was  subjected  to  a  reliability  evaluation  using  the  MIL-HDBK- 
217A^4^  reliability  data  table.  The  assumed  operating  conditions  were: 


a. 

Time  of  mission 

-  1  year  ( 8760  hours  ) 

b. 

Ambient  temperature 

-  70°C  ( 1 58°F  ) 

c. 

Ground  test  conditions 

-  1  atmosphere 

-  1  g.  acceleration 

It  was  assumed  that  the  electronics  reliability  would  be  independent  of  CMG 
size,  and  so  one  reliability  evaluation  was  made  for  each  type  of  controller.  Hell- 
ability  indexes  are  for  the  electronics  components  only,  exclusive  of  torque  motor, 
gear  train,  or  feedback  transducers.  These  figures  appear  In  Table  XXVI. 

Reliability  evaluation  was  made  at  test  conditions  rather  than  actual  flight  con¬ 
ditions  to  facilitate  comparisons  between  controller  types  rather  than  to  obtain  true 
operational  reliability  figures. 


TABLE  XXVI 

RELATIVE  RELIABILITY  OF  ELECTRONIC  CONTROLLERS 


Controller 

Type 

Failure 

Rate  (PPMH ) 

Reliability 

DC 

6.81 

0.942 

PWMj 

2.59 

0.978 

pwm2 

2.95 

0.974 

ON-OFF 

2.40 

0. 979 

ON-OFF  VG 

4,81 

0.958 

PAM 

3.73 

0.968 

PFM 

4.87 

0.958 

DELTA  MOD 

4.39 

0.962 

*PPMH  =  Parts  per  million  hours. 


^24^Soe  Reference  No.  19,  Appondlx  D. 
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H.4  TPRESHOU) 


Each  controller  lu  analyzed  In  order  to  determine  its  threshold  value.  The 
threshold  is  defined  as  the  percentage  of  the  input  signal  range  over  which  the  system 
will  not  respond.  This  is  obtained  by  considering  the  valuo  that  the  error  signal  must 
reach  before  the  controller  commands  corrective  action  from  the  actuator,  and  div¬ 
iding  it  by  the. error  signal  necessary  to  produce  maximum  torque  required.  Each 
type  of  controller  is  considered  separately  below. 

In  the  DC  proportional  controller,  the  threshold  valuo  was  experimentally 
determined  to  be  about  f>0  MV.  for  tho  circuit  shown  in  this  report  (see  figures  49 
and  r»0).  This  represents  about  0,  5%  of  tho  available  input  stgnal  rango. 

Tho  PWMi  threshold  is  essentially  zero.  Experimental  evidence  shows  the 
output  current  to  be  a  linear  function  of  error  voltago  throughout  the  entire  input  sig¬ 
nal  range. 

Dual  channel  PWM  showed  a  non-linearity  about  zero  input  signal  when  ex¬ 
perimental  data  is  used  to  plot  output  current  versus  error  signal.  A  PWM2  was 
constructed  and  its  characteristics  are  shown  in  ftguro  98.  Although  a  true  thresh¬ 
old  docs  not  exist  the  gain  with  torquer  loading  is  non-linear  for  small  error  signals. 
Thus,  PWM2  has  no  threshold,  but  possesses  non-linear  gain  for  input  error  slgrals 
less  than  about  7%  of  the  maximum  input  signal  range. 


Figure  98.  Typical  PWM^  Transfer  Characteristics 
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threshold  in  t);c  oN-iii-  !■  eon! .-i^vr.MAilv  at  the  discretion  of  the 
A  large  gain  preceding  the  polarity  detector  will  effectively  reduce  the 
dead-hand,  and  thus  the  threshold.  This  gain  ennnot  be  set  arbitrarily  high,  because 
•>t  Hie  presence  of  noise  In  the  error  Input  signal.  It  can,  however,  be  net  high  enough 
to  reduce  any  threshold  to  an  Insignificantly  small  value. 

The  switching  circuitry  of  ON-OFF  VG  is  identical  with  that  of  basic  ON-OFF, 
and  so  threshold  in  this  section  Is  Identical  with  the  single  level  circuit.  Any  thresh¬ 
old  present  In  tho  level  detector  would  also  be  insignificant.  This  is  due  to  the  fact 
that  the  n  A-709  level  detectors  are  operated  In  an  open-loop  saturating  configura¬ 
tion.  The  open  loop  gain  of  this  amplifier  is  about  40,000. 

Threshold  in  the  PAM  controller  will  be  comparable  to  that  of  the  DC  propor¬ 
tional  case,  since  they  operate  on  similar  principles. 

Pulse  frequency  modulation  threshold  eau  be  made  as  small  as  desired  by  In¬ 
creasing  appropriate  gains  to  desired  levels. 

Delta  modulation  threshold  Is  essentially  zero.  There  is,  however,  an  additional 
phenomenon  which  must  lie  considered. 

In  both  the  PFM  and  delta  modulation  schemes,  tho  controller  output  is  a  pulse 
train,  the  frequency  of  which  Is  dependent  upon  the  error  signal.  Thus,  for  small 
errors,  It  Is  possible  that  the  pulse  train  frequency  is  not  much  greater  than  the 
cutoff  frequency  of  the  torquer,  as  desired.  If  such  a  condition  occurs,  the  torquer 
response  will  not  be  as  desired.  Although  this  phenomenon  cannot  be  eliminated, 

(i.e. ,  there  will  always  exist  some  non-zero  error  which  will  produce  a  pui*»e  train 
frequency  less  than  the  torquer  cutoff)  Its  effect  on  the  torquer  response  can  be 
minimized  by  Increasing  the  gain  of  the  voltage  to  frequency  converter  in  the  PFM 
or  by  increasing  the  clock  frequency  In  the  delta  modulator. 

It  should  be  noted  that  small  values  of  threshold  present  (See  table  XVII)  in  the 
controller  will  not  appreciably  affect  the  overall  operation  of  tho  actuator  duo  to  the 
levels  of  Coulomb  friction  and  stlctlon  present  in  the  torque  motor  and  gear  train. 

TABLE  XVn 


CONTROLLER  THRESHOLD 


Controller 

Type 

Threshold 

DC 

0.5% 

PWMi 

0 

PWM2 

0* 

ON-OFF 

0* 

ON-OFF  VG 

0* 

PAM 

0.  5% 

PFM 

0* 

DEL'rA  MOD 

0* 

"Threshold  is  essentially  zero  with  high  amplifier  galnbefore  transistor  bridge  driver. 
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9.  1  REVIEW  OF  ACTUATOR  ASSEMBLY  OITIMJZATION 

If.  Section  VI  It  was  ehown  that  the  optimum  actuator  assembly  comprised  of  a 
DC  torque  motor  coupled  to  an  epicyclic  transmission.  This  was  the  motivation  for  the 
assumption  of  a  DC  motor  as  the  load  in  the  controller  evaluation  of  Section  VIII.  The 
optimal  actuator  characteristics  for  each  CMC  size  was  **>bulated  in  Paragraph  G.3. 

9.2  CONTROLLER  OPTIMIZATION 

The  optimization  procedure  will  *  carried  out  in  the  following  paragraphs,  and 
suggestions  pertaining  to  the  selection  of  a  controller  will  be  made.  Characteristics 
considered  will  be  power  consumption,  weight,  volume,  reliability,  threshold,  as  well 
as  any  inherent  properties  of  specific  controllers  which  would  contribute  favorably  or 
unfavorably  to  performance  in  the  actuator  system. 

cdnct'  the  best  choice  ol  torquer  appears  to  be  of  the  DC  torquer  motor  variety, 
the  controller  optimization  will  be  performed  under  the  assumption  that  this  type  of 
torquer  is  to  ire  controlled. 

As  can  be  seen  fr  a  preliminary  evaluation  in  Section  VIII,  the  weight, 
volume,  reliability,  and  threshold  will  be  essentially  independent  of  CMG  size.  Thus, 
the  only  parameter  remaining  to  be  considered  is  the  power  consumption.  This  quantity 
varies  in  a  quasl-Lnear  manner,  as  can  lie  seen  in  Figure  96.  From  ‘his  graph,  one 
can  deduce  an  equation  for  power  consumption  of  each  controller  in  the  following  form. 

Pt  -  P0  +  PKH  (9-1) 

where  Pj  -  total  power  consumption  of  motor  and  controller 

PQ  -  constant 

Pg  rate  of  po  <>r  consumption  increase  with  an  increase  in  CMC,  siz.e 
H  -  angular  momentum  of  CMC. 

Based  upon  the  linear,  non-intersecting  power  consumption  curves  ior  the  eight  con¬ 
troller  types  and  on  previous  discussions,  it  will  be  assumed  that  •»  controller  type  which 
is  optimal  for  one  CMG  size  will  be  optimal  tor  the  other  siz.es  in  the  200-2000  ft -lb- 
sec  range  as  well.  Hence,  the  optimization  will  be  carried  out  for  the  1000  ft-lb-sec 
case  only. 

To  aid  in  the  optimization  procedure,  data  for  the  ICOO  ft-lb-sec  CMG  has  been 
condensed  into  Table  XXVT1I. 
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’s  hreshold  in  ail  controllers  was  of  the  order  of  magnitude  of  n. ■ ,  or  less, 
upon  a  previous  discussion  of  the  levels  of  Coulomb  friction  and  striotion  present 
in  the  torque  motor  and  gear  train,  thin  quantity  was  deemed  insignificant. 

In  considering  the  eight  controllers.  It  is  best  to  group  them  Into  four  separate 
categories.  These  are:  FWM,  and  PWM2;  ON-OFF  and  ON-OFF  VG;  PAM  ard  DC; 
PFM  and  delta  modulation. 


Operation  of  the  PWMj  and  PWM2  controllers  in  all  modes  was  considered  iden¬ 
tical.  Reference  to  Table  D-l  discloses  slight  advantages  In  weight,  volume,  relia¬ 
bility,  and  power  consumption  for  the  PVVM^  typo.  There  appears  to  be  no  advantage 
in  using  PWMg  instead  of  PVVM^  in  this  system,  and  hence  PWM2  will  be  eliminated 
from  further  study. 

ON-OFF  VG  controller  performance  was  considered  to  be  inferior  to  that  of  its 
single  level  counterpart,  in  addition,  the  two-level  scheme  requires  greater  volume, 
weight,  and  power  consumption,  while  possessing  a  lower  reliability.  In  the  prelimi¬ 
nary  evaluation  of  ON-OFF  control  discussed  in  paragraph  7-3,  analysis  showed  Its 
applicability  in  rate  mode  while  difficulties  presented  themselves  in  the  torque  or 
position  modes. 

When  PWM^  Is  compared  with  ON-OFF  control  essentially  equal  power  consump¬ 
tion  and  reliability  are  observed,  while  PWMj  possesses  advantages  in  weight  and 
volume.  Considering  these  relations  and  the  applicability  of  PVVMj  to  all  modes,  it 
was  decided  to  eliminate  ON-OFF’  controller  from  further  consideration. 

A  comparison  of  L)C  and  PAM  shows  a  significant  advantage  for  PAM  in  the  areas 
of  reliability,  weight,  and  volume,  while  both  have  Identical  threshold  and  power  re¬ 
quirements.  For  use  in  a  system  which  is  purely  DC,  the  DC  proportional  controller 
may  offer  more  linearity  and  less  decoupling  problems  than  PAM.  However,  where 
pulsing  is  not  undesirable,  advantages  of  PAM  become  significant,  making  this 
scheme  more  attractive  than  the  DC  proportional  controller. 

Iloth  PFM  and  delta  modulation  controllers  possess  the  property  that  the  repeti¬ 
tion  rate  ia  a  function  of  the  error  signal,  which  was  deemed  undesirable  at  very  low 
error  signal  levels.  An  examination  of  Table  XXVIII  reveals  a  power  consumption  and 
reliability  advantage  for  the  delta  modulation  configuration.  Delta  modulaticn  lends 
itself  quite  readily  to  systems  which  are  basically  digital  in  nature.  In  situations  where 
a  digital  computer  is  the  master  controller  of  attitude  control  systems,  the  need  for 
the  clock  pulse  generator  and  modulator  sections  of  the  delta  modulation  scheme  is 
eliminated  since  the  signals  required  for  the  various  flip-flop  circuitry  could  be  gener¬ 
ated  within  the  computer  itself. 

As  a  result  of  the  preceding  comparisons,  one  is  led  to  the  result  that  for  sys¬ 
tems  which  are  digital  in  nature,  delta  modulation  seems  to  be  the  optimal  controller 
type,  while  PVVMj  is  most  desirable  in  continuous,  or  analog  systems.  Both  of  these 
controllers  have  relatively  high  efficiency,  small  size,  high  reliability  and  applica¬ 
bility  to  all  modes  of  operation. 
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actuator  controller  f  >10  ::-u/a  :  v-.\ 

Based  upon  the*  conclusions  of  paragraph  !».  2  and  the  actuator  selection  of 
paragraph  G.3,  the  complete  actuator  system  can  he  obtained.  This  3  ,tem,  for  the 
1000  ft-lb-sec  CMG,  would  consist  of  a  single  eliannel  wise  width  modulator,  an 
Inland  1-57301)  DC  torquer  motor,  a  00:1  epi  cyclic  transmission,  and  an  Inland  tach¬ 
ometer  generator,  type  TG-2801A. 

To  obtain  reliability  data  on  the  complete  OMG  actuator  assembly,  an  analysis 
was  performed  for  the  175  ft -lb  assembly  while  in  an  operational  environment.  Relia¬ 
bility  was  calculated  for  both  two  and  twelve  month  mission  time,  and  are  shown  in 
Table  XXIX. 


TABLE  XXIX 

CMG  ACTUATOR  RELIABILITY 


Reliability 

CMG  Actuator  Configuration 

2  months 

_ 

12  months 

Complete  actuator  assembly 

C. 995G 

0.9741 

Single  Channel  Pulse  Width  Modulator  Con¬ 
troller 

0. 9952 

0. 9775 

Composite  Actuator  Controller 

0.9919 

0. 9523 
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SECTION  X 


CONCEPTUAL  DESIGN 


10.1  DESCRIPTION 

Figure  99  Illustrates  a  conceptual  design  of  the  inner  gimbal  actuator  assembly. 
The  basic  components  are: 

a.  Inland  Motor  Corp.  Torque  Motor  No.  T-5730D 

b.  Inland  Motor  Corp.  Tachometer  Generator  T.G.  No.  2801A 

c.  A  60:1  Ratio  Epicyclie  Transmission 

The  motor  and  tachometer  specifications  are  given  in  Tables  32  and  34, 
respectively.  The  transmission  particulars  arc  given  in  paragraphs  10.2  and  10.3. 
The  basic  control  moment  gyroscope  size  used  for  this  design  was  the  1000  ft-lb-sec 
unit. 


The  inner  gimbal  was  selected  for  this  conceptual  design,  since  it  has  less  space 
availability  than  the  outer  gimbal.  Therefore,  an  interchangeable  actuator  assembly 
that  will  fit  the  inner  gimbal  can  also  be  used  on  the  outer  gimbal. 

Each  actuator  assembly  is  self-contained  and  may  be  replaced  as  a  plug-in 
module  merely  by  disconnecting  the  bayonet -type  power-cable  plug  and  the  mounting 
capscrews. 

Provision  has  been  made  in  the  design  to  utilize  the  same  type  of  porous  lubri¬ 
cant  reservoir  within  the  transmission  output  shaft  and  within  the  motor  shaft  bore. 
Thus,  adequate  lubrication  of  the  gear  meshes  is  assured. 

An  expandable  seal  and  seal  plate  arc  provided  between  the  transmission  housing 
and  the  gimbal  drive  plate  to  prevent  loss  of  lubricant  from  the  actuator  and  transmis¬ 
sion  housing.  The  remainder  of  the  housing  assembly  interfaces  are  sealed  with  "O" 
rings. 

Figure  100  is  an  outline  drawing  showing  the  basic  envelope  dimensions  of  the 
actuator  and  all  the  interface  dimensions  for  installation  in  a  CMG. 

The  total  estimated  weight  of  the  Actuator  Assembly  is  23  pounds  and  the  volume 
of  its  envelope  is  approximately  380  cubic  inches. 

ic  2  TRANSMISSION  DESIGN 

The  design  of  the  epicyclic  transmission  was  based  on  the  considerations  devel¬ 
oped  in  paragraph  C.2,  Transmission  Optimization.  The  minimum  allowable  pitch 
diameter  for  the  fixed  interval  gear  can  be  obtained  from  equation  6. 21: 
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KJ  - 1-7:? 


1/3 


(6.21) 


or 


D 


1 


1.73 


(10.1) 


was  selected  to  be  2.  875  inches.  This  dimension  allows  a  substantial  part  of 
the  transmission  to  be  packaged  within  the  I.D.  of  the  selected  torquer  motor,  as 
shown  in  figure  33F  thereby  decreasing  the  overall  volume  of  the  actuator.  From 
equation  (10.1)  h  was  found  to  be  0.225.  By  definition  the  face  width  f  =  hDj  =  0.645 
inches.  This  was  considered  to  be  a  satisfactory  gear  width  for  maintaining  gear  tooth 
face  accuracy.  The  diametrical  pitch  was  selected  to  be  32  for  all  gears  in  the  trans¬ 
mission.  Thus  =  32D^  =  92  teeth.  To  allow  clearance  between  the  epicyclic 

N2 

oinion  gear  N  and  N,  the  ratio  — -  was  selected  to  be  0.825,  N  is  then  0.  825  N  or 
2  1  N1  N  1 

76  teeth.  Since  N  =92,  the  curves  plotted  in  Figure  47  apply.  For  —  =  0.  825 

n4  N1 

and  a  ratio  of  60:1,  —  is  found  to  be  1. 09  and  the  theoretical  efficiency  97. 2%,  Thus 
*1 

N  =  1.Q9N  <=  100  teeth.  N0  is  found  from  Equation  6-14: 

'*  A  < j 


N3  =  N4  +  N2  “ 


N. 


=  100  +  78  -  92 
=  84.  teeth 


(6-14) 


The  above  data  is  summarized  in  Table  XXX. 
10.3  TRANSMISSION  AND  GMBaL  BEARINGS 


The  analysis  os'  bearing  loads  and  the  procedure  used  for  the  selection  of  the 
transmission  and  gimbal  bearings  is  described  in  Appendix  C.  Table  XXXI  Hats  all  the 
bearings  selected  for  the  1000  ft-lb-sec  CMG  actuator. 
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TABLE  XXX 


TABLE  XXXI 


TRANSMISSION  AND  GIMBAL  BEARINGS 


Bearing 

Description 

-  -  — 

Manufacturer  and  Catalog  No. 

Bi 

New  Departure  ND  3LLG4,  or  equivalent 

B2 

New  Departure  ND  3LL,-)8,  or  equivalent 

B3 

New  Departure  ND  3LL08,  or  equivalent 

B4 

New  Departure  ND  3LL04,  or  equivalent 

B5 

Kaydon  KA40CP,  or  equivalent 

B6 

Kaydon  KA40CP,  or  equivalent 

IRS 


SECTION  XI 


CONCLUSIONS  AND  RECOMMENDATIONS 


11.1  GiMBAL 

The  optimal  design  for  double  -gimbal  CMG  sectors  for  the  range  of  35  to  350 
ft— lb  (2oJ  to  20C0  ft-lb*-88c)  Is  a  DC  torqusr  with  an  epieyeilc  transm isslon,  The  design 
was  selected  mainly  on  the  basts  of  minimum  power  coasumption,  sise  and  weight. 

A  preliminary  design  for  the  175  ft~lb  actuator  weight©  23  lbs,  including  structure 
and  mounting  plats  for  attachment  to  the  gimbals.  Peak  power  consumption  of  the 
actuator  Is  less  than  45  watts.  This  design  meats  all  performance  requirements  listed 
in  Section  l  with  the  exception  of  threshold  and  reliability.  The  threshold  of  the 
actuator  is  almost  completely  the  result  of  the  DC  torque  r!s  brush-commutator  friction. 
Whereas  the  required  threshold  is  specified  as  0. 5%  of  maximum  torque,  die  threshold 
for  the  actuators  using  DC  torque rs  are  expected  to  be  from  3%  to  4%  (depending  upon 
sUe)  of  maximum  output  torque.  The  reliability  of  the  actuator  assembly  was  deter¬ 
mined  as  0,  9741  for  one  year  and  0.  9956  for  two  months  of  operation;  this  compares 
with  the  requirement  of  0.  99  for  one  year  of  operation. 

When  combined  with  a  pulse  width  modulator  (single  channel  type)  controller,  the 
Qi»e  year  and  two  month  composite  operational  reliabilities  a  re  .  9523  and  .  9919, 
respectively. 

11.2  TORQUERS 

A  broad  preliminary  study  indicated  that  hydraulic  and  pneumatic  actuators  are 
cot  adequate  for  the  CMG  actuator  application  because  of  high  power  consumption, 
thereby  being  penalized  with  a  high  weight  penalty  for  long  missions.  This  is  directly 
linked  to  the  losbcs  in  converting  electrical  power  to  hydraulic  or  pneumatic  power. 
Other  problems  are  the  possibility  of  leakage  flow's  and  the  requirement  for  development 
of  a  ’’fluidic  slip  ring"  for  furnishing  power  to  the  inner  gimbat, 

With  regard  to  electrical  actuators,  AC  servo  motors  were  found  to  have*  ina>’  '» 
quate  frequency  response  characteristics  and  required  transmissions  with  extremely 
high  gear  ratios  to  obtain  required  torques  Stepping  motors  were  found  to  be  deficient 

in  both  size  and  weight 

The  other  category  of  electrical  actuators  studied  were  of  the  DC  type;  the  DC 
torque  motor  and  several  types  of  brushless  DC  torquers  —  the  basic  brushless  DC 
motor,  the  electromechanical  DYNA  VECTOR  and  the  RES PONS YN  actuator.  The  DC 
torque  motor  was  selected  for  the  CMG  actuator  since  it  is  more  efficient  than  all  other 
actuators  for  a  long  term  mission.  It  also  rates  well  in  weight,  and  size  relative,  to  ail 
other  torquers. 
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The  DYNA VECTOR  and  RESPOKSYN  actuators  indicate  some  weight  advantages 
for  the  larger  CMC  units,  and  the  brushless  DC  torquer  has  a  lower  threshold  and  a 
potentially  higher  reliability.  All  of  these  brushless  torquers,  however,  are  not  fully 
accepted  as  state-of-the-art  because  of  complexities  involved  in  high  speed  electronic 
ewttcbiag  of  inductive  loads .  The  DC  brushless  torquer  motor  is  the  closest  to  the 
state-of-the-art,  but  has  the  disadvantages  of  additional  electronic  complexity  and  high 
ripple  torques. 

11.3  TRANSMISSIONS 

The  epicyclic  transmission  was  selected  because  of  its  very  low  weight,  volume 
and  reflected  moment-of-inertia  for  a  wide  range  of  gear  ratios.  It  also  is  fairly  good 
relative  to  backlash  and  friction. 

The  compound  planetary  was  selected  as  an  excellent  second  choice  to  the 
epicyclic  transmission.  It  was  comparable  in  all  aspects,  except  for  its  slightly  higher 

weight. 

Simple  planetary  transmissions  are  completely  unacceptable  because  of  severe 
dimensional  limitations  with  gear  ratios  higher  than  I'M. 

Spur  gear  transmissions  are  comparatively  large  in  size,  and  they  also  weigh 
more  than  epicyclic  transmissions  for  the  larger  CMG's.  They  are  competitive, 
however,  for  low  ratios  and  small  CMG's. 

Disadvantages  of  the  harmonic  drive  transmission  are  relatively  low  efficiency 
and  high  friction.  It  also  lias  the  characteristic  or  reflecting  large  momente-of- 
inertla  back  to  the  torquer  thereby  affecting  the  response  of  the  actuator. 

11.4  DUAL  ACTUATOR  CONTROL 

The  study  indicated  that  the  use  of  two  actuators  per  gimbal,  one  a  high  level  stall 
torque  device  and  the  other  a  low  level  rate  device,  does  not  offer  any  particular 
significant  advantages.  Actuators  such  as  that  recommended  in  Paragraph  11.1  have 
the  capability  of  meeting  the  overall  torque-speed  requirement  envelope.  The  ust  >f 
a  stall  torque  device  and  a  rate  device  would  only  increase  the  overall  actuator  power 
auu  weight,  and  would  then  have  difficulty  in  meeting  response  requirements.  The  only 
justification  for  using  a  low  rate  device  in  addition  to  the  torquers  mentioned  in  this 
report  would  be  In  meeting  threshold  requirements  or  in  providing  a  method  of  coarse- 
fine  rate  control.  The  penalties  Involved  in  implementing  this  requirement  are  the 
additional  hardware  and  the  power  requirement  and  weight  penalties  involved. 

11.5  CONTROLLERS 

Electronic  controllers  were  the  only  type  completely  studied,  since  all  fluid, 
actuators  were  eliminated  early  in  the  torquer  study.  Of  tlw  eight  electronic  controllers 
studied,  a  single  channel  pulse  width  modulation  controller  was  selected  as  optimal  for 
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•■.ha  whole  range  of  CMG  actuators  (35  to  350  ft-lb).  This  was  based  on  its  low  power 
consumption,  light  weight,  small  size,  reliability  and  zero  threshold. 

An  excellent  alternate  controller  for  certain  applications  is  delta  modulation.  If  a 
digital  computer  is  used  for  resolving  torque  commands  for  ono  of  the  multi-unit  double 
gimbal  CMG  configurations,  the  delts  modulation  signal  is  easily  derived  as  an  output 
.  f  the  computer.  Under  this  condltior  he  delta  modulation  controller  would  need  no 
clock  or  delta  modulation  circuitry,  thereby  making  it  an  excellent  second  choice  on  the 
basis  of  power  consumption  weight,  size  reliability  and  essentially  zero  threshold. 

0th*.  r  controllers  which  would  show  to  advantage  for  certain  CMG  system 
configurations  are  dual  channel  pulse  width  modulation,  DC  proportional  and  ON-OFF. 
The  double  ctwnnel  pulse  width  modulator  Is  only  slightly  larger  and  heavier  and  less 
reliable  than  the  optimal  single  channel  type.  In  certain  small  low  torque  applications, 
the  double  channel  pulse  width  modulator  consumes  less  power;  it  has  a  finite  threshold, 
but  this  is  usually  lover  than  the  torque  stiction  level. 

The  DC  porportional  controller  is  larger,  heavier,  less  reliable  and  consumes 
more  power  than  any  of  the  eight  controllers.  These  disadvantages  may  be  offset  In  an 
all  DC  system. 

For  example,  In  the  pulse  width  modulation  schemes  a  carrier  frequency  power 
supply  Is  also  needed  for  the  complete  servo  amplifier  and  other  items,  such  as  for 
excitation  of  rotational  sensors. 

The  ON-OFF  controller  offers  some  advantages  in  power  consumption,  reliability, 
threshold,  weight  and  size.  The  CMG  loop  would  go  Into  limit  cycle,  however,  If  ON- 
OFF  were  used  for  either  torque  or  position  modes. 

ON-OFF  variable  gain,  pulse  amplitude  modulation  and  pulse  frequency  modulation 
have  no  practical  application  to  controlling  CMG  actuators  since  they  offer  no  Improve¬ 
ment  in  performance,  and  yet  are  more  complex  than  related  controllers  (l.e. ,  ON- 
OFF,  DC  proportional  anu  deita  modulation,  respectively. ) 

11.6  RECOMMENDATIONS 

It  Is  recommended  that: 

(a)  Actuators  lor  double-gtmbei  CMG  units  use  DC  torquers  and  cptcyclic 
transmissions. 

(b)  Brushless  DC  torquers  be  reconsidered  at  a  future  date,  since  these  devices 
indicate  excellent  promise  but,  at  best,  currently  are  "near  state-of-the-art". 

(c)  Single  channel  pulse  width  modulation  be  used  as  •'•o  electronic  controller  of  the 
CMG  actuator. 

(a)  Delta  modulation  be  considered  as  a  controller  in  CMG  system  configurations 
wnere  a  digital  computer  Is  necessary  to  resolve  attitude  errors  Into  individual 
actuator  commands 


APPENDIX  A 


ACTUATOR  SPECIFICATIONS 


A.  1  INTRODUCTION 

At  present,,  the  guiding  specifications  for  the  gimbal  torquere  are  determined 
from  "Specifications  for  Control  Moment  Gyroscones,'*  Specification  L-o  298  by  NASA 
Langley  Research  Center,  2  August  1965 ;  and  requirements  presented  in  RFP  Nr.  fG) 
20949  by  Systems  Engineering  Group  of  Wright- Patterson  Air  Force  Base,  Dayton, 
Ohio,  24  August  1965. 

A.  2  GENERAL  REQUIREMENTS 

Inner  and  outer  gimbal  torquers  should  be  identical.  The  configuration  should  be 
similar  to  the  present  CMC  configuration,  having  a  diameter  to  length  ratio  greater 
than  one.  All  concepts  considered  must  be  within  one  year  of  the  state-of-the-art. 

A.  3  TORQUER  SPEED  REQUIREMENTS 

A.  3.1  Speed 

-3 

Speed  range  shall  be  from  0. 175  x  16  to  0. 175  rad/sec  for  all  CMC 
sizes.  The  allowable  variation  in  speed  is  to  be  ±  3  percent  of  the  command  speed, 
after  steady-state  value  is  reached. 

A. 3. 2  Torque 

The  maximum  stall  torque  capability  must  be  H  times  0. 175  rad/sec 

where  K  is  the  angular  momentum  of  the  CMG.  The  actuator  torque  capability,  Tem, 

at  any  actuator  steady-state  speed  must  tie  at  least  H  times  (0. 175  rad/sec)  minus  * 

M  times  the  actuator  spr  ■ . 
m  " 

A.  4  RESPONSE 

A. 4,1  Rate  Response  Requirements 


A.  4. 1. 1  The  rate  transfer  function  (output  speed  response  to  input  speed 
command)  when  characterized  by  a  single-order  lag  shall  have  a  time  constant  of 
0.05  second  or  less. 


A.  4.  1.2  For  actuators  with  complex  rate  transfer  functions,  the  re- 
spon  ?e  shall  be  within  ±  3  percent  of  the  final  value  within  the  same  time  irk  rvai  that 
a  single-order  system  with  a  time  constant  of  0. 05  second  reaches  97  percent  of  Its 
final  value.  The  settling  frequency  shall  be  less  than  1 00  cps. 


A. 4. 2  Torque  Response  Requirements 

A.  4. 2. 1  The  torque  transfer  function  (output  torque  response  to  the  in¬ 
put  torque  command)  when  characterized  by  a  single-order  lag  shall  have  a  maximum 
time  constant  of  0, 5  second. 

A. 4.2.2  For  actuators  with  complex  torque  transfer  functions,  ihe 
response  shall  be  within  ±  3  percent  of  the  final  value  within  the  same  tim:'  irterval 
that  a  single-order  system  with  a  time  constant  of  0.5  second  reaches  97  percent  of 
its  final  value.  The  sealing  frequency  shall  be  less  than  100  cps. 

A . 5  LOAD  DEFINITION 

A .  5 . 1  Gimbal  Rotation 

The  inner  gimbal  rotation  capability  shall  be  ±  80  degree  The  outer 
gimbal  rotation  capability  shall  be  ±  360  degrees. 

A. 5. 2  inertia 

The  load  is  defined  as  inertia  only  and  =  m(log  H)  +  b  where: 


m  =  2.35  ft-lb-sec  ' 
b  --  -5.00  ft-lb-sec*' 

H  =  Angular  momentum  of  the  CMG 


A. 5. 3  Friction 

Levels  allowable  to  !>e  established. 

A. -5,4  CMG  Cross  Coupling 

Cross-coupling  effects  arc  to  be  neglected  in  this  phase. 

A.5.G  Physical  Size  ] 

A.  5.5, 1  Dimensions  must  be  consistent  with  present  diameter -to-  j 

length  ratios  of  one  or  greater,  with  emphasis  on  minimising  overall  size.  ' 
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A. 5.5.2  Guideline  for  Gear  Train  Volume  Definition 


V  -  it  leg  H  +  b 
3 

m  =  139  in 

3 

b  =  649  in 

H  =  Numerical  value  of  angular  momentum  of  CMG. 


The  total  volume  could  feasibly  be  duplicated  on  both  ends  of 

the  axis. 

A. 5. 6  Weight 

Weight  should  be  minimized,  consistent  with  weight-to-power  tradeoff, 
such  that  the  actuator  weight,  WA,  times  the  tradeoff  value  of  1  watt,  pound,  plus  the 
average  power,  PA,  is  a  minimum. 

A.  6  ENVIRONMENT 

A, 6. 1  Ambient  temperatures  of  70°F  to  120° F 

-1 1 

A.G.2  Pressures  of  10  to  1.0  atm. 

A. 6.  3  Radiation  -  negligible 

A. 6. 4  Acceleration  of  0  to  1  g  (operational) 

A. 6. 5  Heat  due  to  actuator  losses  must  be  dissipated  by  conduction  and 
radiation, 

A.  7  MISSION  TIME  AND  RELIABILITY 


The  glmbal  totquers  shall  be  capable  of  operating  continuously  without  mainte¬ 
nance  for  at  least  one  year  under  the  load  and  environmental  conditions  specified. 
Overall  operating  Itfe  shall  not  be  less  than  5  years. 

A.  8  EXPECTED  LOAD  DISTRIBUTION 

Steady-state  torque  and  speed  profiles  are  identical  and  are  as  follows:  1  percent 
of  maximum,  30  percent  at  one-half  of  maximum,  and  69  percent  at  one-fourth  of 
maximum.  These  values  are  used  to  determine  average  power  required  of  potential 
gimbal  torquers. 


APPENDIX  B 


B.l  INTRODUCTION 

To  select  a  feedback  transduce,  for  a  position  or  ^te  reference  of  the  CMC, 
the  following  design  requirements  for  the  Gimbal  Actuator  System  must  be  met: 

1)  Maximum  Regulated  Speed  -  0. 175  rad  c 

2)  Minimum  Regulated  Speed  -  0.000175  rad/sec 

3)  Threshold  -  .  05°  and  .  01°/sec 

o  o  , 

4)  Resolution  -  ±  .  05  and  .01  /sec 

5)  Command  Range  -  ,005V  to  5V 

6)  Linearity  -  ±  5% 

7)  Range  -  ±  80°  (Inner  Gimbal), 

-  Unlimited  (Outer  Gimbal) 

Within  each  of  the  two  major  categories,  various  types  of  transducers  will  be 
surveyed  as  indicated  in  Table  XXXBL 


TABLE  XXX II 

ANGULAR  DISPLACEMENT  AND  VELOCITY  TRANSDUCERS 


Angular  Displacement 

.Angular  Velocity 

Electron)  agnetf  o 

Taehometrie 

1.  Synchro 

1.  DC  Tachometer 

2.  Resolver 

3.  Induction  Potentiometer 

4.  Induetosyn 

2.  AC  Induction  Generator 

Resistive 

Gyroscopic 

1.  Potentiometer 

1 .  Rate  Gyro 

Shaft  Encoders 

1 .  Brush  Type 

2.  Optical 

3.  Electrostatic 

; 

The  angular  displacement  transducers  will  be  used  in  the  position  mode  as  a 
feedback  element.  They  may  also  be  used  for  aligning  and  monitoring  the  positions  of 
the  different  CMG's  used  in  controlling  the  vehicle  motion.  Since  all  the  angular  dis¬ 
placement  transducers  mentioned  in  Table  XXXII  will  meet  CMG  specifications,  this 
report  will  not  try  to  select  a  specific  angular  displacement  transducer.  Instead,  a 
qualitative  description  of  operation  and  practical  applications  will  be  discussed. 

The  more  stringent  requirements  placed  on  the  rate  transducer  limit  the  avail¬ 
able  types  of  rate  transducers  that  can  meet  the  CMG  specifications.  Since  the  impli¬ 
cations  are  that  the  optimum  mode  of  operation  may  be  the  rate  mode,  a  detail 
discussion  and  selection  of  tha  optimum  rate  transducer  will  be  covered  in  this 
Appendix. 

B.2  ANGULAR  DISPLACEMENT  TRANSDUCERS 

B.2.1  ELECTROMAGNETIC  ANGULAR  DISPLACEMENT  TRANSDUCERS 


B.  2.1.1  Synchro 

The  term  synchro  covers  a  range  of  AC  electromechanical 
devices  which  are  used  in  data  transmission  and  computing  systems.  For  use  in  the 
CMG  Program  a  synchro  control  transmitter  would  be  applicable,  this  device  has  an 
electrical  output  which  represents  some  function  of  the  angular  displacement  of  its 
shaft.  Synchro  devices  are  basically  variable  transformers.  As  the  rotor  of  a  synchro 
rotates  it  couples  and  decouples  one  or  more  windings  of  the  stator.  The  output  of  the 
control  transmitter  varies  as  the  sine  of  the  input  angle. 

B.2. 1.2  Resolver 


Resolvers  are  precision  induction  type  devices  whose  outputs 
vary  as  the  sine  or  cosine  of  its  rotor  position.  (See  figure  101). 


Figure  101.  Schematic  -  Resolver  with  Single  Phase  Input 
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This  device  can  be  used  not  only  for  position  feedback  but  also 
for  coordinate  transformation,  resolution  Into  components,  and  conversion  from 
rectangular  to  polar  coordinates.  The  output  of  this  unit  can  be  readily  transformed 
into  digital  information  and  may  be  applied  for  proper  alignment  information  to  the 
computer  when  more  than  one  CMQ  is  used  to  control  the  vehicle.  Another  advantage 
of  this  type  component  is  that  one  and  two  speed  systems  are  readily  incorporated  into 
the  CMG  gimbal  pivot  assemblies. 

B.  2 . 1 . 3  Induction  Potentiometer 

Induction  potentiometer  or  linear  synchro  transformer,  pro¬ 
vides  accurate  linear  indication  of  shaft  rotation  about  a  reference  position  In  the  form 
of  a  polarized  voltage  whose  magnitude  Is  proportional  to  angular  displacement  and 
whose  phase  relation  indicates  direction  of  shaft  rotation.  (See  figure  102).  The 
principal  difference  between  an  induction  potentiometer  and  a  resolver  or  synchro  is 
that  its  output  voltage  varies  directly  as  the  angle  and  not  as  the  sine  of  that  angle. 

The  induction  potentiometers  are  analogous  to  resistance  po¬ 
tentiometers,  but  since  they  are  induction  type  components  they  have  less  restraining 
forces  acting  upon  their  rotors,  and  are  therefore  capable  of  providing  better  resolu¬ 
tion.  Since  these  devices  do  not  require  sliders  such  as  those  used  in  resistance  types, 
circuit  interruptions  are  eliminated,  no  wear  occurs.  As  a  result  of  no  rubbing  parts, 
accuracy  is  continuously  maintained  at  the  original  level  throughout  the  operational 
life  of  these  type  components. 
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B.  2 . 1 . 4  Inductosyn 

Where  precise  positioning  accuracies  greater  than  those  obtain¬ 
able  with  multispeed  transmission  systems  are  required,  the  inductosyn  may  be  con¬ 
sidered.  With  thi3  device  accuracies  of  5  seconds  of  arc  and  sensitivities  of  0.25 
seconds  of  arc  can  be  achieved.  Since  the  CMG  requirements  are  far  less  than  the 
induciosyns  characteristics  and  can  be  implemented  with  simpler  more  reliable  compo¬ 
nents  without  the  auxiliary  equipment  needed  for  the  Inductosyn,  no  further  explanation 
of  inductosyn  operating  principles  will  be  given  in  this  report. 

B. 2 . 2  RESISTANCE  POTENTIOMETER 

Standard  type  wire  would  linear  potentiometer  are  devices  that  develop 
an  electrical  output  signal  proportional  to  the  product  of  an  input  electrical  signal  and 
shaft  angle.  There  are  many  available  resistance  potentiometers  to  meet  CMG  re¬ 
quirements  for  readout  of  gimbal  position.  The  disadvantages  of  these  units  are  dis¬ 
cussed  in  Paragraph  B.2. 1.3  on  Induction  potentiometers. 

B.2.3  SHAFT  ENCODERS 

Shaft  encoders  encompass  angular  position  transducers  whose  outputs 
are  in  digital  form.  The  main  types  of  shaft  encoder  are  bruBh  type,  optical  and 
electrostatic.  If  it  is  found  desirable  to  readout  CMG  gimbal  positions  directly  in 
digital  form,  these  type  transducers  may  be  Investigated  further.  The  two-speed 
resolver  previously  described,  when  used  with  a  small  electronic  digitizing  module, 
may  actually  be  a  more  economical  and  reliable  method  of  obtaining  a  digital  readout. 

B. 3  DISCUSSION  OF  DC  AND  AC  RATE  SENSORS 

B.3. 1  TACIIOMETRIC  ANGULAR  VELOCITY  TRANSDUCERS 

B.3. 1. 1  DC  Rate  Generator 

Most  frequently  used  DC  rate  generator  is  the  permanent  mag¬ 
net  type  where  the  permanent  magnet  in  the  stator  sets  up  the  DC  Held  and  therefore 
requires  no  excitation  voltage.  A  wound  armature  with  a  commutator  car  be  used  to 
derive  the  voltage  output  in  conventional  manner.  To  minimize  variations  in  output 
with  position,  the  commutator  is  designed  with  a  large  number  of  segments.  Because 
its  output  is  direct  voltage,  it  requires  brushes  operating  on  a  commutator.  The 
friction  load  from  these  brushes  is  a  disadvantage  to  the  system. 

A  summary  of  the  advantages  and  disadvantages  follows: 

Advantages 

1)  Constant  output  unaffected  by  line  voltages  and  temperature. 

2)  High  dynamic  range 

3)  Low  residual  output 
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.Ore  advantage  a 

High  toron* 

2j  B%fc  toertto  ^maturs? 

3)  Life  HmiisvRiy  brush  wear 

4)  DC  output  requires  modulator  where  a  carrier  ivy*?  servo  amplifier  is  employed, 

5)  Hau  ripiie  village  superimposed  on  the  output  due  to  commutation. 

B, 3, 1 , 3  AC  Bate  Generator 

The  AC  rate  generator  resembles  a  two  phase  AC  motor.  An 
AC  reference  voltage  is  applied  to  one  phase  of  the  tachometer  generator,  and  a 
voltage  of  reference  frequency  and  amplitude  proportional  to  shaft  speed  is  generated 
os  the  other  phase.  Two  typical  types  of  AC  rate  generator?  exist:  the  induction 
generator,  using-  a  squirrel  cage  rotor,  snd  the  drag -cup  generator,  using  a  light 
eop-*ac$ing  cup  sa  rotor*  Since  the  rate  generator  is  often  coupled  directly  to  the 
servo  motor  shaft  and  adds  directly  ?o  that  inertia,  the  rate  generator  inertia  should 
be  k*|$  mtelnvaL  7v r  this  reason  the  drageup  unit  finds  widest  application. 

The  two  phase  drag  cop  type  of  tachometer  consists  of  a  stator 
with  fcyo  windings  to  sps.ee  quadrature.  Liside  the  stator  is  a  cup-shaped  aluminum  or 
copper  rotor.  This  is  attached  to  a  shaft  which  extends  through  a  hearing  in  the  end 
of  the  housing:  Qao  stator  winding  is  excited  from  an  AC  reference  supply  and  the 
other  acts  as  the  output  winding.  With  the  cup  stationary,  no  voltage  is  induced  in  the 
output  winding  due  to  their  physical  arrangement.  When  the  cup  Is  rotated,  the  eddy 
currents  which  are  induced  in  it  have  an  additional  component  due  to  rotation.  This 
current  generates  an  AC  magnetic  flux  linking  the  secondary  winding,  resulting  in  an 
output  voltage  proportional  to  the  rotor  speed. 

Advantages 

1)  Low  driving  torque  required 

2)  Low  inertia  rotor 

3)  Long  life 

4)  AC  output  convenient  for  all  carrier  type  servos,  no  modulator  required. 
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Disadvantages 


1)  Limited 

2)  High  residual  output 

3)  Variation  in  residual  output  with  shaft  position  leads  to  position  effect,  which 
may  have  adverse  stability  effects  on  system. 

4)  Output  varies  >rith  excitation  voltage. 

5)  Output  varies  with  cup  temperature.  5%  sensitivity  drift  in  output  may  occur  in 
the  first  hour  of  operation  as  a  result  of  unit  temperature  rising  to  its  steady  Btate 
value. 

6)  Output  is  not  in-phase  with  excitation  voltage. 

B.  3. 1.3  Selection  of  Optimum  Type  Tachometer  Generator  Sensor  for 
CMG  Application 


Where  a  high  performance  velocity  servo  is  required,  as  is  the 
case  for  CMG  application,  the  DC  tachometers  wide  linear  operating  range  of  speeds 
would  make  it  preferable  to  the  drag  cup  AC  tachometer  since  the  CMG  loops  are  to 
have  a  dynamic  range  of  1000  to  1  and  the  command  voltages  are  to  be  in  the  order  of 
.  005V  to  5  volts.  The  inherent  residual  output  of  the  AC  tachometer  would  adversely 
affect  the  system. 


The  directly  driven  DC  tachometer  may  be  used  for  the  CMG 
feedback  sensor.  Since  the  actuator  used  will  be  a  conventional  DC  or  brushless  DC 
torquer,  these  DC  tachometers  are  particularly  suited  for  the  system,  due  to  size, 
weight,  mounting,  packaging  and  very  fine  resolution  requirements.  For  CMG  appli¬ 
cations  a  combination  unit  consisting  of  a  DC  torque  motor  and  DC  tachometer  genera¬ 
tor  in  a  common  housing  is  readily  available  to  reduce  space,  servicing  and  assembly 
requirements. 


The  advantages  of  the  directly  driven  DC  tachometer  generator 

are  as  follows: 

1)  High  coupling  stiffness  -  the  tachometer  generator  is  directly  coupled  to  the 
motor  thereby  eliminating  backlash  errors  and  eccentricities.  It  offers  a  distinct 
advantage  in  precision  rate  systems. 

2)  High  voltage  gradient 

3)  Fast  response 

4)  High  resolution 
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5)  High  accuracy  at  low  speed 
8)  Compact*  adaptable  design 
7)  High  linearity 


A  DC  tachometer  for  the  rate  reference  of  the  CMG  must  meet 
the  design  requirements  listed  in  paragraph  B.  1.  The  minimum  tachometer- generator 
sensitivity  Kq  which  is  the  voltage  output  per  rad/sec*  of  the  chosen  generator  must 
fall  between  the  lower  and  upper  limit  established  by  the  system  requirements.  The 
lower  iimit  is  governed  by  the  relationship  of  error  signal  to  required  accuracy  and  is 
obtained  from  formula  h low: 


_  MINIMUM  ERROR  SIGNAL 

kg  minimum  allowable  error. 


(B-i) 


Each  tachometer  generator  has  a  maximum  voltage  rating  which 
must  not  be  exceeded  without  danger  of  damaging  the  unit.  A  given  generator  must  not 
be  applied  where  the  shaft  speed  exceeds  that  which  produces  the  maximum  rated 
voltage. 


DC  tachometer  generators,  because  of  commutation,  have  a 
voltage  ripple  superimposed  on  'he  output.  Both  magnitude  and  frequency  of  this  wit- 
age  vary  with  shaft  speed.  The  ripple  voltage  is  listed,  on  manufacturers  data  sheets, 
in  terms  of  percent  deviation  from  average.  The  ripple  frequency  is  listed  in  terms  of 
cycles/rev.  If  the  output-ripple  approaches  or  exceeds  the  speed-regulation  tolerance, 
the  variations  in  the  feedback  voltage  are  interpreted  by  the  servo  as  commands,  and 
proportional  speed  variations  may  o^cur.  One  solution  would  be  to  select  another 
generator  with  a  substantially  lower  ripple  voltage.  However,  the  ripple  frequency 
m  iy  be  high  enough  so  that  the  servo  connot  follow  it. 

To  meet  requirements  of  command  voltages  of  0,  005  volts  to 
5  volts  for  0.  000175  rad/sec  to  0. 175  rad  'sec  speed  regulation,  the  value  of  the  feed¬ 
back  gain  is  set  at  that  value  which  at  maximum  rate  of  the  motor  (aM  Max;)  the 
feedback  rate  would  be  equal  to  the  maximum  inpid  (5  volts). 


®  Max 
Gear  Ratio 


Max.  Re. "dated  Speed 


(B-2) 
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With  a  gear  ratio  of  (5 0, 


aM  Max  =:  (.  175  —  )  60  =  10.5  —  (B-3) 

sec  sec 

eX  Max  »  aM  Max  K  *  0  (B-4) 

r£> 


0.473 


volts 
rad/ sec 


To  meet  the  required  feedback  Inland  DC  tachometer  type  TG  2801  is  selected.  This 

volt 

tachometer  generator  has  a  voltage  sensitivity,  K„,  of  i  — -  .  Therefore,  an 

G  rad/sec 

attenuation  gain  of  0,4?G  V/V  is  required  in  the  feedback  loop. 

Since  the  command  voltage  range  was  used  as  the  criteria  for 
selecting  the  sensitivity  of  the  feedback  transducer,  the  minimum  error  signal  accord¬ 
ing  to  equation  (B-l)  that  the  system  must  respond  to  is  .  25  mv  for  5%  speed  regulation. 

Therefore,  the  noise  at  the  input  of  the  systems  must  be  kept 
under  10%  of  this  value,  or  25  uv.  It  should  be  noted  that  if  higher  command  v  Stages 
are  used,  noise  restrictions  would  not  be  as  stringent. 

Tachometer  Generator  Inland  Model  TG  2801  has  the  following 
characteristics  tabulated  in  Table  XXXIII. 


TABLE  XXXm 

TACHOMETER  GENERATOR  CHARACTERISTICS 


Max.  Voltage  Sensitivity, 

,  .  volts 

1-0  , 

rad/ sec 

Linearity 

TV  of  Local  Value 

Friction  Torque 

2.  0  o/.-in. 

Ripple  Voltage 

TV.  Avg.  to  peak 

Ripple  Frequency 

71  cycles 

rev 

Rotor  Inertia 

■> 

.  028  o/- in -see" 

Outside  Diameter 

3, 38  in. 

TABLE  XXXIH  (Continued) 


TACHOMETER  GENERATOR  CHARACTERISTICS 


|  Max.  Voltage  Sensitivity,  K 

I  G 

rad/sec  1 

s 

inside  Diameter 

2.25  in.  j 

Thickness 

.72  in.  1 

Weight 

13.5  oz  j 

Max.  Operating  Speed 

i 

59  rad/sec  j 

Life* 

3  x  JO6  rev. 

L  -  -  _ 

_  J 

■’’The  life  of  this  tachometer  would  be  2  ^ars,  If  the  system  was  re¬ 
quired  to  run  at  maximum  speed  continuously. 

6.4  GYROSCOPIC  ANGULAR  VELOCITY  TRANSDUCER 
B , 4 . 1  DESCRIPTION  OF  A  RATE  GYRO 

The  rate  gyro  la  a  one-degree -of-freedcm  system  with  an  elastic  re¬ 
straint  and  viscous  damper  about  the  free,  or  output,  axis.  If  the  gyro  case  is  rotated 
about  the  input  axis  with  an  angular  rate  Q  j,  then  a  torque  T,  which  equals  H  U  p  is 
developed  tliat  tends  to  rotate  the  gyro  through  an  angle,  G ,  about  the  output  axis;  This 
utput  angle  Is  transformed  to  a  voltage  proportional  to  the  input  angular  velocity, 

Ol.  by  :  leans  of  a  pick-off  transducer.  The  functional  diagram  of  the  rate  gyro  is 
given  in  figure  103. 

The  unit  tends  to  rotate  so  as  to  align  its  angular-momentum  vvctor  H 
with  the  input  angular- velocity  vector  ..  The  torque  developed  is  opposed  by  the 
inertia  of  the  system  about  the  output  axis,  the  spring  restraint  K  and  the  viscous 
damping  F.  If  the  moment  of  inertia  about  the  input  axis  is  denoted  by  J  and  the 
angular  displacement  by  9,  the  equation  for  the  dynamic  balance  of  the  system  is 
given  by: 


H  U\ 


d~G  dG 

-  J — —  f  F  —  +  KG 

<tt2  dt 


(B-5) 
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Figure  103.  Function  Diagram  Rate  Gyro 


The  transfer  function  between  the  output  angle  0  and  the  input  angular  velocity  is 
therefore  given  by: 


0  _ _ H _ 

8i  JS2  +  FS  +  K 

The  steady-state  deflection  about  the  output  axis  is  given  by 


(B-6) 


0SS  •  <B-7> 

The  deflection  0gg  introduces  an  error  into  the  system  because  of  misalignment  of  the 
H  vector,  and  therefore  the  input,  0  j,  is  no  longer  in  line  with  the  input  axis  of  the 
gyro,  hi  order  to  minimize  this  effect  the  angular  rotation  about  the  output  axis  must 
be  restrained  to  small  values.  This  is  done  by  Increasing  the  spring  constant,  K.  As 
the  spring  constant  is  increased  the  threshold  of  the  unit  deteriorates.  Also,  the  small 
angle  requirement  requires  the  pick-off  transducer  be  sensitive,  which  in  turn  gives 
rise  to  problems  of  drift  and  noise. 


The  main  advantage  of  tlu  rate  gyro  for  the  CMG  application  is  that  it 
senses  an  inertial  rate.  This  means  that  it  senses  the  rate  of  the  gimbal  with  respect 
to  inertial  space.  This  characteristic  would  provide  decoupling,  inherent  in  tachom¬ 
eter  transducers,  of  the  gimbals  and  the  vehicle. 

The  limitations  of  the  rate  gyro  are  mainly  threshold  and  life  considera¬ 
tions.  Other  characteristics  that  must  be  traded-off  are  power,  weight,  size,  and 
electronics  required  to  amplify  and  transform  the  pick -off  output,  which  is  an  AC  sig¬ 
nal,  to  be  compatible  with  system  input  commands. 

B.4.2  RATE  GYRO  SELECTION  FOR  CMG  ACTUATOR  SYSTEM 

The  ra*e  gyros  selected  for  comparison  purposes  are  a  fluid  filled  unit 
selected  from  Kearfotts  C70  2021  and  Rendix  s  non-floated  magnetically  damped  rate 
gyro.  The  characteristics  of  these  two  instruments  are  tabulated  in  Tabic  XXXIV. 

The  main  difference  is  in  the  resolution  and  threshold  characteristics.  The  floated  unit 
has  a  resolution  and  threshold  of  .  005°/sec  where  the  non-floated  unit  threshold  and 
resolution  is  .015o/sec. 

The  resolution  and  threshold  requirements  for  the  CMG  system  is  listed 
as  . 0l°/sec,  If  this  requirement  could  be  opened  the  non-floated  unit  could  be  used. 
This  unit  is  approximately  half  the  cost  of  the  floated  unit. 

B.5  SUMMARY 

For  the  CMG  program  the  direct  coupled  DC  tachometer  generator  was  selected 
over  the  AC  tachometer  generator  due  to  its  wide  linear  operating  range,  temperature 
stability,  low  residual  output,  long  life,  and  compatibility  with  the  selected  actuator. 

The  main  advantages  of  the  rate  gyro  is  that  it  provides  (decoupling  of  vehicle 
rates  with  respect  to  the  f  '■dback  transducer  signals.  The  rate  gyro  has  a  life  limita¬ 
tion  of  1000  hours.  This  transducer  requires  warm  up  time,  and  considerable  power. 
Also,  electronics  would  be  required  to  convert  the  AC  pickoff  voltage  to  DC  to  be 
compatible  with  input  commands  to  the  CMG.  Implementation  of  a  rate  gyro  into  the 
CMG  system  where  more  than  one  CMG  is  used  requires  n  more  complete  analysis  of 
the  overall  system  and  is  considered  beyond  the  scope  of  the  actuator  study  program. 

Most  of  the  angular  position  transducers  mentioned  in  this  section  will  meet 
CMC  actuator  feedback  u-quirements.  The  main  factor  in  selecting  this  component  is 
one  of  system  interface. 
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Weight  I  4.5  ounces  6  ounces 

Size  |  1  inch  Dia.  x  2  inches  long  i  inch  Dia.  x  2-11/16  inches  iong 

Life  !  1000  Hours  1000  Hours 


APPENDIX  C 


EPICYC LIC  TRANSMISSION 


C.l  GENERAL 

A  sketch  of  the  epicyclic  transmission  is  shown  in  figure  104.  An  efficiency  of 
100%  is  assumed  for  all  calculations.  The  maximum  torque  load  is  175  ft-lbs.  The 
inv  ''lute  tooth  form  was  assumed  to  have  a  20°  pressure  angle. 

C.  2  LOADING  FORCES  (See  figure  105) 


Tangent  F = 


Separating  F  = 

O 

Shaft  Ix>ad  F  - 
1  • 

Select  bearing  for  ed),'  load  2350  lbs. 

Max.  Glmbal  speed  10  /see. 

~  2  rjim 

Gear  Ratio  (Reference  paragraph  0,3)  00 

C.3  ORRri'  GEAR  BEARINGS  (See  figure  106) 

Trial  selection  bearing  (from  layout  sizing) 

NO  i  ,!,oH 

Catalog  Rating  (vacuum  processed  steel) 

3030  ibs.  ioad  at  100  rpm  3500  hrs.  avg.  life 

1  year.  '  2  4  \  305  <4750  hrs. 


175  x  12 
2.843 


1475  lbs. 


1475  x  tan  20  =  1475  x  .364  -  538  lbs. 


1475  1475 

r  ir"°  lb*‘ 


cos  20 


o  .  r*»97 
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Figure  104.  Epicyelic  Transmission 


Figure  105.  Loading  Forces 
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Figure  106.  Orbit  Gear  Bearings 


005 


For  B-10  life  (aln,  life  for  90%  bearings)  =  5  s  avg.  life  =  5  x  8750  =■• 

43,75©  hra,  avg.  life. 

Load  factor  for  43,750  hours  average  life  =  85  x  load  rating  at  3800  hrs. 

avg.  life. 

Bearing  load  at  175  ft.  lbs.  =  1570  ibs. 

1570  x  1.35  =  29101b.  rating  re<suirsd. 


,  * .  Selected  bearing  adequate  for  any  duty  cycle  loss  than  full  load,  Mi 
speed,  full  time. 

C.4  INPUT  SHAFT  BEARINGS  (See  figure  107) 

SR 

reaction  stage)  toa.  j 

Sue  Sec, 

C.2 


‘TR 


'SO 


TO 


(separating  force, 

=  538 

reaction  stage) 

Iba. 

(tangential  force. 

=  1475 

reaction  stage) 

lbs. 

(separating  force, 

=  488 

output  stage) 

lbs. 

(tangential  force, 

=  1345 

output  stage) 

lbs. 

t  See  Sec. 
C.5 


\  at  100%  Tout  -  175  ft,  lb. 


Motor  (input)  End  Bearing 


^  489  x  1.250  4  538  x  2,625  611  +  14J2  2023 

Fg  = - X5re - =  TBs-  ”  r.'375  “  46J  lb9- 


F 

^  r* 


1475  x  2,625  -  1345  x  1.250  3870  -  1680  _  2.190 

4.375*  '  =  '4.375  “4.375 


500  lbs. 


Bearing  Load 


46-3  4 


500" 


(21.44  +  25)  10 


100 


yj 4G . 44 


=  681  lbs. 


2GvS 


Girr.bal  (output)  End  Bearing 

ND  3L06  (from  layout  sizing) 

3360  lb.  load  at  100  rpm  3800  hr.  avg.  life 

Bearing  load  =  675  lbs. 

675  x  1.85  =  12501b.  rating  required 

•  *  •  Selected  bearing  adequate. 

C.  5  OUTPUT  SHAFT  BEARINGS  (See  figure  107) 

Shaft  load  (load  on  bearing  on  line  with  gear  face). 


Tangent  load  FT 


Shaft  load 


175  x  12 
3.125 
2 


1345  lbs. 


1345 

.0397  "  1430  lbS* 


100*  , 


Trial  Selection  Bearing  (from  layout  sizing) 

KAY  DON  KA  40  CP 

1290  lb.  load  at  100  rpm  3000  hr.  avg.  life 
2580  lb.  load  at  10  ipm  3000  hr.  avg.  life 
3600  lb.  load  at  2  2  rpm  (max.  gimbal  speed)  3000  hr.  avg.  life 


Load  factor  for  43750  hr.  avg.  life  =  1.97  x  load  rating  at  3000  hr.  avg.  life 

Bearing  load  =  1430  lbs. 

1430  x  1. 97  =  2820  lb.  rating  required 

.  *  .  Selected  bearing  adequate  for  any  duty  cycle  less  than  full  load,  full  speed, 
full  time. 


H-I25CM 


Gimbfd  {output)  End  Bearing 


538  x  1.750  +  489  x  3. 125  942  +  1530 

4.375  “  4.375 


2472 

4.375 


565  lbs. 


1345  x  3.125  ~  1475  x  1.750  4200  ~  2580  1620 


4.375 


4.375 


4.375 


370  lbs. 


Bearing  load  +  5652  =  100  ^13. 89  +  31.92  =  100^45^61  = 

=  675  lbs. 

Motor  (inputs)  End  Bearing 
ND  LL08  (from  layout  sizing) 

1680  lb.  load  at  100  rpm  3800  hr.  avg.  life 

Load  factor  for  43,750  hr.  avg.  life  =  1.  85  x  load  rate  at  3800  urs.  avg.  life 

Bearing  load  =  681  lbs. 

681  x  1.85  =  1260  1b.  rating  required 

.  * .  Selected  bearing  adequate  for  any  duty  cycle  less  than  full  load,  full  speed, 
full  time. 
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